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Abstract 
 
This thesis investigated the implications of the integration of battery storage 
technologies on the architectural design of buildings, providing design 
considerations for architects and built environment practitioners. The study 
focused on the UK residential sector, considering ‘high energy’ battery 
applications in grid-connected systems, which provide the possibility of ‘island’ 
mode operation for a period of several hours up to several days. The implications 
were assessed in different scenarios in 2030, addressing business as usual, the 
implementation of energy efficiency and demand response measures, electric 
heating and electrification of transport. 
 
The research was split into three phases and was conducted through quantitative 
and qualitative methods. Phase 1 included the analysis of the energy storage 
side, which led to a classification of battery storage technologies and their 
characteristics into a database.  The analysis in this phase was conducted 
through a systematic literature review, contact with battery manufacturers and 
other stakeholders, exploration of case studies, as well as interviews to battery 
stakeholders. Phase 2 included the modelling of the energy demand side, which 
explored the evolution of the peak demand and electricity consumption in various 
residential building scales in 2030. Phase 3 used the outputs from Phase 1 and 
Phase 2 to assess the applicability of nine battery technologies in different 
building scales, their spatial requirements, such as footprint, volume, mass, 
ventilation, location and their cost. 
 
The findings suggest that the implications for building design are of great 
importance regarding the applicability of battery technologies in different building 
scales and of minor importance as regards the footprint, volume and mass 
requirements. The study reveals the most suitable technologies for each 
residential scale and scenario in 2030 regarding their spatial requirements and 
cost. 
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Chapter 1 
Introduction 
 
 
1.1 Research aim and questions 
The principal aim of this PhD study is to investigate the implications of the 
integration of battery storage technologies on the architectural design of 
buildings. The investigation addresses battery integration at building or 
community scale in the UK, considering only high energy1 battery storage 
applications in grid-connected systems, providing the possibility of ‘island’ mode 
operation2 for a period of several hours over several days. The research work 
indicates what considerations architects would need to give to this subject in the 
design of buildings in the future, where electrical energy storage (EES) systems 
are likely to be part of the design, as indicated in numerous studies [2, 4-9]. As no 
models or tools have been found dealing specifically with the size and location of 
energy storage systems [10], the research work has partially addressed this 
shortcoming through the consideration of a framework, within which these issues 
are explored. 
 
The study addresses the following objectives: 
• To explore how batteries’ spatial requirements vary across different 
scenarios and autonomy periods for the UK in 2030 
                                            
1 Electrical energy storage (EES) technologies can be separated into two categories: “high power” 
and “high energy” storage systems [1-3]. High power storage systems deliver energy at very high 
rates but typically for short times (less than 10s), while high-energy storage systems can provide 
energy for hours. High energy EES systems were considered as they are suitable for autonomous 
island system applications -while high power storage technologies are not- and can also help 
reduce the carbon emissions in the built environment. 
2 Details regarding ‘island’ mode operation are provided in section 1.5.1. 
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• To investigate whether the implications for building design are of great 
importance or not 
• To investigate which battery technologies perform best in the residential 
sector and in which scale 
• To identify any optimum scale for electricity storage overall 
 
1.2 Energy use and carbon emissions in the built environment 
In the last two decades, sustainability and the irreversible depletion of natural 
resources has been the subject of constant debate in a global scale. The energy 
sector today is mainly responsible for the greenhouse gas emissions. Emissions 
coming from energy-related activities accounted for 68% of the global emissions 
in 2005 [11, 12]. The main conclusion from numerous reports and assessments is 
that the rapid pace of carbon dioxide increase in the atmosphere already brings 
about immeasurable changes to the climate and in the global economy. However, 
until recently the extent of the man’s contribution to global warming was still 
debatable by about 3% of climate researchers [13-15] and their views on the 
global warming controversy have been widely communicated [16-20]. 
 
Nowadays, nearly half of the global population lives in cities, where over 75% of 
the global energy is consumed and 80% of greenhouse gas emissions are 
produced [21]. According to estimations, 80% of the Europeans live in cities and 
the energy demand to cover typical needs in heating, cooling, lighting, hot water 
use and cooking is increasing. The world population is expected to increase from 
6 to 9.1 billions by 2050, according to [22] and about 64-69% of them are 
expected to live in urban areas at that time [23]. This large expansion of the 
population will undoubtedly have a considerable impact on energy consumption. 
Therefore, according to the US Energy Information Administration [24], the world-
marketed energy consumption is likely to increase by 53% from 2008 to 2035 or 
about 2% annually. Apart from the population growth or perhaps decline in some 
regions, the robust economic growth, the access to ample domestic resources 
and modern energy services, as well as lifestyle changes and urbanisation are 
expected to eventually result to a global energy demand increase [23]. 
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In addition, the building sector, consisting of residential, public, office, commercial 
and industrial buildings, is found out to be responsible for over 40% of the total 
energy consumption in Europe [25, 26]. According to the latest report by the 
Intergovernmental Panel on Climate Change (IPCC 5th report), baseline 
scenarios on buildings’ energy use project an increase of energy demand by 
100% and increase of CO2 emissions by 50-150% by 2050 [23]. Identifying 
opportunities to reduce this consumption has become a priority in the global effort 
to deal with climate change. Moreover, the remaining reserves of fossil fuels, 
which currently dominate the energy sector are continuously decreasing and it is 
questionable whether their capacity will be able to meet rising demand levels 
[27]. Moreover, the volatile oil prices are bound to be subject to unprecedented 
rise [28, 29] and this will have serious and immediate impacts on the economy 
and the competitiveness of the market. 
 
An increasing demand in the electricity sector is anticipated in the upcoming 
years due to the extension of the electrification of different regions worldwide, the 
increase in energy consumption due to economic growth, the use of electrical 
energy for heating3 and cooling and the use of electricity in the transport sector. 
Expansion of the electricity generation from renewable energy sources (RES), 
such as the sun and the wind, is already at the forefront of energy planning and 
are expected to play a central role in the low carbon future. Therefore, along with 
the reformation of the electricity networks that will be required, electrical energy 
storage is considered to be a key component of the so-called ‘smart grid’4 [36-
38]. Increased use of electrical energy storage technologies in the built 
environment could enable the uptake of RES technologies, thus contributing to 
                                            
3 It should be noted that the electrification of heat is a debatable scenario, as emphasis is given 
by some to the requirement of a diverse mix of energy types (e.g. natural gas, coal, petroleum 
and renewable energy) in meeting the domestic power needs [30-32]. Also the challenges 
encompassed in electrification scenarios regarding infrastructure replacement and wholesale re-
equipping of the building sector may raise concerns [30, 33, 34]. 
4 Smart grids are “electricity networks that can cost-efficiently integrate the behaviour and actions 
of all users connected to it” [35]. 
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carbon emissions reductions. Furthermore, the use of batteries in the transport 
sector, through the increased use of electric vehicles (EVs), will have a positive 
impact on the environment, as EVs consume less energy and generate 
significant less CO2 than the cleanest fossil fuel vehicles [39]. 
 
1.3 European energy and climate policies 
In the last two decades, increased environmental concerns have led to the 
formation of European energy and climate policies towards the mitigation of 
climate change. As it is suggested in the European Commission Communication 
on “Energy 2020” [40], the security of supply, the competitiveness and 
sustainability constitute the ultimate goals of the international energy policy. 
 
The new EU Strategy for competitive, sustainable and secure energy released in 
2010 highlights the objectives set in the last EU Strategy for energy and the 
environment in 2007. These are classified to general and specific. The general 
ones refer to limiting the global average temperature increase to 2°C above the 
pre-industrial level by the year 2100, to the security of the EU economy in terms 
of energy and to the competitiveness of the EU economy regarding technological 
progress [40]. These general objectives can be achieved through the specific 
ones that the European Council has set and include the following specific goals 
by 2020: 
- The reduction of the EU’s greenhouse gas emissions by 20% below 1990 
levels; 
- The improvement in energy efficiency by 20%;  
- A share of 20% of renewable energy in the end-use energy balance; and a 
share of 10% of biofuels in transport. 
 
The Strategy emphasises on the construction and transport industries in 
particular, which must follow an active energy savings policy and use non-
polluting energy sources. A wide range of centralised and distributed energy 
systems in the built environment should be considered in applications that exploit 
renewable energy. The Commission also identifies that the introduction of 
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electricity in the transport sector and the increase in small-scale decentralized as 
well as large-scale centralized renewable power generation will bring about 
inevitable changes in electricity infrastructure. Therefore, a restructuring of the 
electricity grid and further development of innovative energy storage technologies 
will be required for absorbing the volumes that the 2020 targets entail [12, 40]. 
More specifically, the development of various scales of electricity storage 
systems are expected to be able to prepare the electricity grid for the smooth 
integration of small- and large-scale renewable energy systems. In fact, the 
achievement of “a breakthrough in the cost-efficiency of energy storage 
technologies” [41] is already identified as one of the key EU technology 
challenges towards the 2050 vision. 
 
According to the European Commission, a smart, sustainable and inclusive 
growth of all sectors will play a central role to a cost-effective and gradual 
transition to a competitive low carbon economy for the European countries [42]. 
The share of low carbon technologies in the electricity mix is expected to 
increase from about 45% today to nearly 100% in 2050. This is a very ambitious 
target for the EU countries that entails a significant CO2 emissions’ reduction of 
80% to 95% by 2050 compared to 1990 levels [37, 42, 43]. Figure 1-1 shows the 
pathway towards an 80% emissions reduction by 2050. The red line refers to an 
emissions scenario under current policies, whereas the coloured areas show how 
emissions in each sector could evolve through the adoption of more sustainable 
policies. 
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Figure 1-1: EU greenhouse gas emissions towards an 80% domestic reduction 
[42] 
 
The built environment has the potential for around 90% emissions reduction by 
2050, as it provides low-cost and short-term opportunities [42]. In this respect, 
decarbonization goals have already been set through the 2010/31/EU Directive 
on the energy performance of buildings [44]. The Directive underlines the 
importance of the use of RES in new and refurbished buildings, the need to 
improve buildings’ energy efficiency as well as the urgency to render them nearly 
zero-energy (or zero-emissions) buildings. The adoption of sustainable practices 
in the construction and operation of the built environment through the integration 
of renewable energy technologies and energy storage facilities would help to 
protect consumers against rising fossil fuel prices and improve public health [42]. 
As regards the transport sector, it is an integral part of our economy and our 
society and it currently faces major challenges. The Transport 2050 roadmap to a 
Single European Transport Area sets the goal of breaking the Europe’s transport 
system’s dependence on imported oil and achieving 60% carbon emissions 
reduction by 2050 compared to 1990 levels. Technology deployment in mobility 
seems to be a one-way solution towards a competitive and resource-efficient 
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Emissions, including international viation, were estimated to be 16% bel w 1990 levels in 
2009. With full implementation of current policies, the EU is on track to achieve a 20% 
domestic reduction in 2020 below 1990 levels, and 30% in 2030. However, with current 
policies, only half of the 20% energy efficiency target would be met by 2020.  
If the EU delivers on its current policies, including its commitment to reach 20% renewables, 
and achieve 20% energy efficiency by 2020, this would enable th  EU to outperform the 
current 20% emission reduction target and achieve a 25% reduction by 2020. This would 
require the full implementation of the Energy Efficiency Plan5 presented together with this 
Communication, which identifies measures which would be necessary to deliver the energy 
efficiency target. The amount of currently allowed offsets would not be affected.6 
The analysis also shows that a less ambitious pathway could lock in carbon intensive 
investme ts, resulting in higher carbon pric s later on and significantly higher overall costs 
over the entire period. In addition, R&D, demonstration and early deployment of 
technologies, such as various forms of low carbon energy sources, carbon capture and storage, 
smart grids and hybrid and electric vehicle technology, are of paramount importance to ensure 
their cost-effective and large-scale penetration later on. Full implementation of the Strategic 
Energy Technology pl n, requiring a  additional inv stment in R&D and demonstra ion of 
€ 50 billion over the next 10 years, is indispensable. Auctioning revenue and cohesion policy 
are financing options that Member States should exploit. In addition, increasing resource 
efficiency through, for instance, waste recycling, better waste management and behavioural 
                                                 
5 Energy Efficiency Plan - COM(2011) 109. 
6 As agreed by the emissions trading Directive 2003/87/EC (as amended by Directive 2009/29/EC) and 
the effort-sharing Decision (Decision 406/2009/EC). 
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transport system [45]. Hence, the forthcoming gradual electrification of transport 
will also bring significant health benefits by improving air quality in the cities [42]. 
It becomes apparent from the above that for the facilitation of the above 
strategies, technologies involved in smart grids, electricity storage, electro-
mobility and intelligent networks need to be established. 
 
1.4 Renewable energy sources and the contribution of electrical 
energy storage (EES) 
Electricity is likely to become the universal fuel, which will be used not only to 
power electrical devices, but also for space heating, space cooling and 
transportation through electric vehicles. One of the main keystones of sustainable 
design of the built environment today is the integration of innovative technologies 
in buildings and communities that exploit the energy from RES5. The integration 
of environmentally-friendly energy technologies into buildings is expected to 
greatly contribute to the decarbonisation of the building sector, by transforming 
buildings from energy consumers to energy producers. RES are also likely to hold 
a share in the transport sector and, if so, this is expected to decrease its energy 
intensity. 
 
It is forecasted that about 33-34% of Europe’s total electricity demand will be met 
by renewable energy in 2020, out of which wind and solar energy would account 
for approximately 16% [37, 43]. Electricity generation is projected to grow by at 
least 8% from about 3,270 TWh in 2005 to 3,537 TWh in 2020 and the 
renewables’ share is expected to more than double within this 15-year period. 
Regarding the European electricity mix, 14% of the total demand will be supplied 
by wind energy, 10.5% by hydro, 6.6% by biomass, 2.4% by solar PV and the 
rest 1% by concentrated solar power, geothermal energy as well as tidal, wave 
and ocean energy [43]. The electricity mix for 2005 and 2020 is illustrated in 
                                            
5 This means production and use of energy from renewable non-fossil fuel energy sources, such 
as “solar, wind, ocean, geothermal energy, hydropower, biomass, landfill gas and sewage 
treatment plant gas” [44]. 
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Figure 1-2, where fossil fuels still hold a considerable share in electricity 
generation. 
  
 
Figure 1-2: Actual data of EU electricity mix in 2005 (total consumption: 
3,270.3TWh) and 2020 (total consumption: 3,537.3TWh) [43] 
 
There are two characteristics of electricity that currently have an impact on its use 
and basically create the need for introducing electricity storage systems in the 
built environment. The first one is that currently electricity consumption occurs 
at the same time as electricity generation, as the currently operating 
generation plants are expected to provide the required amount of electricity when 
needed, which can be costly at times due to the variation in demand. Storage 
facilities in this case could enable the reduction of the generation costs in two 
ways: first, they could store low-cost electricity generated during nighttime and 
release it to the power grid during peak periods; secondly, they could help reduce 
the number of the generation plants that are required, as currently additional 
plants are used only occasionally to cover the peak electricity needs. Consumers 
could also benefit financially by storing electricity generated locally by renewable 
energy systems during off-peak hours and then either using it or selling it to 
utilities or other consumers during peak periods [46]. Also, electricity is usually 
generated far from the locations where it is consumed, which forms the 
second fundamental characteristic. The farther the consumption and generation 
locations, the higher the chances of an undesirable interruption in the power 
supply. Electricity storage could, therefore, ensure the continuity of power supply 
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to consumers, acting as emergency resource when, for example, voltage 
sags occur [46, 47]. EES facilities can also mitigate congestion by storing 
electricity when transmission lines hold enough capacity and by supplying it 
back to the grid when congestion occurs. With regard to isolated areas and 
mobile applications, EES systems such as batteries could be a favourable 
option for electricity supply, due to their mobile and charge/discharge 
capabilities [46, 47]. According to the International Electrotechnical 
Commission [46], however, it is expected that distributed generation will 
increase in the future [48], so consumption and generation will typically be 
close together. EES could, therefore, be beneficial in keeping the RES 
installed capacities low, as well as in increasing resilience. In addition, long 
distances between generation and consumption entail inherent transmission 
and distribution losses, which are not only costly, but also a source of 
inefficiency. 
 
The fluctuating electricity output of renewable energy technologies, such as 
photovoltaics and wind turbines, will inevitably bring about issues associated 
with the balancing of electricity demand and generation on a constant basis 
[49]. There are currently a number of solutions that can deal with the 
potential mismatch of electricity demand and generation over time e.g., 
export of excess power to an interconnected grid [50], curtailment of the 
intermittent renewable generation, increased distributed generation, demand-
side management techniques and storage [51-53]. It appears that in future 
electricity systems a combination of these options would probably be 
required to provide all the balancing services needed due to each having 
advantages and disadvantages when it comes to a specific service [49, 51]. 
This study looked at one of these options, which is providing electricity 
storage solutions in order to help mitigate potential imbalances between 
electricity supply and electricity demand in buildings. 
 
Electrical energy storage provides the possibility to store electrical energy 
when it is generated from intermittent RES to make it available when needed 
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[47, 54]. In addition, in a future low-carbon energy system, storage of energy 
is expected to be required at all points of the electricity system [49], providing 
diverse benefits depending on their location in the system [55, 56]. These are 
summarised in Table 1-1 and more detailed information on each of the 
applications is included in a following section. 
 
Table 1-1: EES applications at the different levels of the electrical system [55, 
56] 
Generation level Arbitrage, capacity firming, curtailment reduction 
Transmission level 
Frequency and voltage control, investment deferral, 
curtailment reduction, black starting  
Distribution level Voltage control, capacity support, curtailment reduction 
Customer level Peak shaving, time of use cost management, off-grid supply  
 
1.5 The evolution from the current electric grid to smart grids 
Innovative technologies introduced in buildings, mobility, infrastructure, as 
well as information and communication sectors will represent a significant 
part of the smart grid. The smart grid can be thought of as a network of small 
microgrids that can monitor and heal itself [36]. This means that a shift will be 
made from the currently passive network, where electrical grids are used to 
carry power from a few central generators to a large number of consumers, 
to a bi-directional active network. In the emerging active network, or smart 
grid, two-way flows of electricity and information will be used to create an 
automated and distributed energy delivery scheme (Figure 1-3). As a 
consequence, instead of having a few centralized power plants generating 
large amounts of energy, it is likely that there will be many smaller power 
plants distributed across the countries with a smaller energy generating 
capacity. For the shift from the current rather unsustainable operation of the 
electricity system to an intelligent one that could facilitate larger shares of 
renewables to be enabled, the expansion of distributed generation, supply 
and demand-side efficiency, as well as electrification of transport are 
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Figure 1-3: From passive to active network [57] 
The investment in smart grids could bring a number of benefits to the society, the 
economy and the environment. Consumers and producers would be provided 
with a more reliable and secure electricity network [47]. Such systems would also 
contribute a great deal to reducing carbon emissions in the built environment, 
thus mitigating climate change and providing a healthier environment for people 
to live in [42]. 
1.5.1 Island mode operation 
In island mode operation, a distribution system becomes electrically isolated from 
the remainder of the power system and electricity is supplied locally to a discrete, 
segregated part of the network [58] through distributed units until conventional 
utility power returns. When in isolation from the grid, distributed generators or 
EES systems can feed the entire or partial load of the community or building 
depending on the conditions [59]. Essential loads are restored first, while 
important and unimportant loads are met only if there is enough electricity 
generated or stored within the isolated microgrid [59, 60]. Isolated microgrids are 
thus capable of surviving extreme situations, such as sudden interruptions of 
supply, for example from a fault at a generation unit or a breakdown in the 
transmission system [36]. In this way, operation of a community or building in 
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island mode could bring security benefits enhancing the flexibility and the 
reliability of the system under outage conditions [60-63]. 
 
Figure 1-4: Isolated microgrid (on the right) within the Smart Grid [36] 
 
1.6 Conclusion 
Innovative and efficient solutions will have to be developed in the future in order 
to achieve the goal of up to 90% emissions reduction by 2050 that the European 
Commission has set. Towards this goal, further development and use of 
renewable energy technologies are expected to occur. Electricity is likely to 
become a universal and versatile source of low carbon energy for the building 
sector, although this is debatable due to scenarios that favour an energy mix in 
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figure 1.3: the smart-grid vision for the energy [r]evolution 
A VISION FOR THE FUTURE – A NETWORK OF INTEGRATED MICROGRIDS THAT CAN MONITOR AND HEAL ITSELF.
• PROCESSORS EXECUTE SPECIAL PROTECTION SCHEMES IN MICROSECONDS• SENSORS ON ‘STANDBY’ – DETECT FLUCTUATIONS AND DISTURBANCES, AND CAN SIGNAL FOR AREAS TO BE ISOLATED• SENSORS ‘ACTIVATED’ – DETECT FLUCTUATIONS AND DISTURBANCES, AND CAN SIGNAL FOR AREAS TO BE ISOLATED
SMART APPLIANCES CAN SHUT OFF IN RESPONSE TO FREQUENCY FLUCTUATIONS
DEMAND MANAGEMENT USE CAN BE SHIFTED TO OFF-PEAK TIMES TO SAVE MONEY
GENERATORS ENERGY FROM SMALL GENERATORS AND SOLAR PANELS CAN REDUCE OVERALL DEMAND ON THE GRID
STORAGE ENERGY GENERATED AT OFF-PEAK TIMES COULD BE STORED IN BATTERIES FOR LATER USE
DISTURBANCE IN THE GRID
INDUSTRIAL PLANT
CENTRAL POWER PLANT
OFFICES WITH
SOLAR PANELS
HOUSES WITH
SOLAR PANELS
WIND FARM
ISOLATED MICROGRID
Another way of ‘storing’ electricity is to use it to directly meet the
demand from electric vehicles. The number of electric cars and
trucks is expected to increase dramatically under the Energy
[R]evolution scenario. The Vehicle-to-Grid (V2G) concept, for
example, is based on electric cars equipped with batteries that can
be charged during times when there is surplus renewable generation
and then discharged to supply peaking capacity or ancillary services
to the power system while they are parked. During peak demand
times cars are often parked close to main load centres, for instance
outside factories, so there would be no network issues. Within the
V2G concept a Virtual Power Plant would be built using ICT
technology to aggregate the electric cars participating in the
relevant electricity markets and to meter the charging/de-charging
activities. In 2009 the EDISON demonstration project was launched
to develop and test the infrastructure for integrating electric cars
into the power system of the Danish island of Bornholm.
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the domestic energy consumption. In the transport sector, an increasing number 
of vehicles over the years are expected to run in electricity. In any case, 
sustainable electricity supply is expected to play central role in the low carbon 
built environment of the future, which requires significant use of RES. The 
intermittent nature of RES creates the need for the introduction of electrical 
energy storage systems, so that supply and demand are matched at all times. 
 
The support that electricity storage solutions will provide is expected to be a 
significant and integral part of future energy systems. Due to the continuous 
growth of the RES share, which will be enabled by the use of energy storage 
systems, the reformation of the electricity grid will be unavoidable. It is envisaged 
that the reformation will result in a gradual development of smart grids that will 
operate in a cost-efficient way facilitating the interaction of all of its users. 
Reliability of supply, energy security and reduced carbon emissions will be the 
main points that the smart grids will address. 
 
1.7 Thesis structure 
Following the introduction, which has already been presented, the rest of the 
thesis is structured as follows:  
Chapter 2 presents the methodology and the research design, including the 
research methods employed in this study. This work was split into three Phases 
(Phase 1, Phase 2 and Phase 3), where Phase 3 consists of two parts. The 
outputs of each Phase are included at the end of each Phase. Chapter 3 
presents Phase 1, including battery technologies and their characteristics, as well 
as case studies. Chapter 4 presents Phase 2, which deals with energy use and 
more specifically the peak demand and electricity consumption in the UK 
residential sector. Chapter 5 presents the first part of Phase 3, addressing the 
choice of technologies and architectural considerations for daily storage. Chapter 
6 presents the second part of Phase 3, addressing the choice of technologies 
and architectural considerations for sub- daily storage. The overall conclusions of 
this research work, along with recommendations for further research, are 
included in Chapter 7.  
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Chapter 2 
Methodology 
 
 
2.1 Overview 
This research work was split into three phases. Both quantitative and qualitative 
analyses were performed, including the following methods: 
• Systematic literature review; 
• Face-to-face communication or online correspondence with battery 
manufacturers and other stakeholders; 
• Case studies in the UK and the US; 
• Semi-structured interviews to battery stakeholders in the UK and the US; 
• Energy modelling in Excel. 
 
An illustration of the methodology process used in this study is shown in Figure 
2-1. 
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Figure 2-1: Illustration of the m
ethodology process used in this study 
 
Phase 1!Phase 2! Phase 3!
• Autonom
y period!
• Round-trip efficiency!
• Daily self-discharge!
• Depth of Discharge!
• Tem
perature factor!
• Aging factor!
• Design m
argin!
• Inverter’s efficiency!Applicability 
assessm
ent!
Error variation!
Evaluation of results!
Phase 3!
BS 2015!
BAU 2030!
EE 2030!
Te 2030!
Battery storage 
capacity (kW
h)!
!!!!!
Spatial & other 
requirem
ents!
!!!!!!
Footprint !
Volum
e
!
M
ass!
Inv. cost!
Conclusions!
Electricity 
storage 
requirem
ents!
• 1 day!
• 4 days!
• 7 hours!
• 14 hours!
LCOE!
PV supply!
Explanation of abbreviations for Phase 3!
BS 2015, BAU 2030, EE 2030 and Te 2030 
refer to scenarios explained in text!
LCOE: Levelised Cost of Electricity!
DNOs!
Conference 
proceedings!
Reports!
ELEXON!
Scenario 
m
odelling!
BS 2015!
BAU 2030!
EE 2030!
Te 2030!
Peak dem
and (kW
)!
El.consum
ption (kW
h)!
Dem
and profiles!
Sum
m
er!
W
inter!
• El.consum
ption (kW
h)!
• Dem
and profiles!
• W
inter!
• Single building/
com
m
unities!
Single building!
Com
m
unities!
Phase 2!
Inverter sizing!
Electricity 
dem
and!
Explanation of abbreviations for Phase 2!
DNOs: Distribution Network Operators!
BS 2015, BAU 2030, EE 2030, DR 2030 and Te 2030 refer to scenarios explained in text! DR 2030!
System
atic LR!
M
anufacturers!
Classification 
into a 
database!
Pb-acid!
NiCd!
NiM
H!
Li-ion!
NaS!
NaNiCl!
V-Redox!
ZnBr!
Zn-Air!
B
a
tte
ry!
technologies!
Exploration of 
results 
through CS!
Phase 1!
Assum
ptions revision – further 
info from
 m
anufacturers!
Electricity 
storage!
Further info from
 CS 
m
anufacturers!
Stage 1   revision!
Stage 2   revision!
Feedback from
 IRES!
and W
SA presentation!
Com
m
ents from
 R&SER 
journal publication!
Explanation of abbreviations for Phase 1!
System
atic LR: System
atic literature review!
R&SER: Renewable and Sustainable Energy Reviews journal!
IRES: International Renewable Energy Storage conference!
W
SA: W
elsh School of Architecture!
CS: Case Studies!
Case studies (CS)!
+ installation 
guidelines!
16 
 
2.2 Research Design 
2.2.1 First Phase 
The first phase addressed the assessment of various battery technologies, 
constituting the energy storage side, which acts as a buffer between supply 
and demand. The author employed quantitative and qualitative methods for 
this phase. A systematic literature review was performed and relevant battery 
systems’ manufacturers -at an international level- were contacted and 
consulted to collect further information as required. 
 
Published material from international sources, such as books, reports, 
journal papers, conference and workshop proceedings, doctoral theses, 
scientific magazine and newspaper articles, audiovisual material as well as 
company websites contributed to this systematic review. The acquired 
material came primarily from peer-reviewed scientific journals (Energy for 
Sustainable Development, Progress in Natural Science, Renewable and 
Sustainable Energy Reviews, Energy Policy, International Journal of 
Hydrogen Energy, Power Engineering Journal), leading research institutes 
(EPRI, Fraunhofer-ISE), renowned research laboratories (Sandia, NREL, 
PNNL, LBNL) and prominent organisations (EC, IEA, IRENA, EASE, EERA, 
European Association for Storage of Energy, ESA, European Parliament, 
National Hydropower Association, US Department of the Interior, Electric 
Advisory Committee, International Electrotechnical Commission, Union of the 
Electricity Industry, APS Panel on Public Affairs, German Advisory Council 
on Global Change, CRES). The material was then supplemented by work 
presented in scientific magazines (IEEE Power & Energy, IEEE Power 
Engineering Review, National Geographic, Magazine of the NSW 
Department of Energy), newspapers (Süddeutsche Zeitung) and work from 
academic institutions (University of Limerick). Finally, material from 
companies dealing with electricity storage (EOS, SMA, Saft, Siemens, GE, 
Samsung, International Battery, Large Battery, A.E.S., ZBB Battery, ViZn 
Energy, Energiser, Duracell, Hawaian Electric Company, Beacon Power, 
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SolarGrid Storage, Astrium, American Vanadium, GB-Sol, Perpetual V2g 
systems, nedap, Loccioni) helped to inform the already acquired material 
further. The data from the literature and the manufacturers were then collated 
and synthesized. Informed assumptions were made for the characteristics for 
which the literature and the personal communication did not yield any results 
and this is documented in the discussion. This led to a classification of up-to-
date characteristics of battery technologies in a comprehensive database, 
which later served for cross-comparisons among technologies and distinct 
characteristics. 
 
The following EES technologies were assessed: 
• Lead-acid (Pb-acid) battery storage; 
• Nickel Cadmium (NiCd) battery storage; 
• Nickel Metal Hydride (NiMH) battery storage; 
• Lithium-ion (Li-ion) battery storage; 
• Sodium Sulphur (NaS) battery storage; 
• Sodium Nickel Chloride (NaNiCl) battery storage; 
• Vanadium Redox (V-Redox) flow battery storage; 
• Zinc Bromine (ZnBr) flow battery storage; and 
• Zinc-air (Zn-air) flow battery storage. 
 
The parameters assessed were the following: 
• Power rating; 
• Energy rating; 
• Specific power; 
• Specific energy; 
• Power density; 
• Energy density; 
• Round-trip efficiency; 
• Critical voltage; 
• Discharge time; 
• Response time; 
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• Lifetime (years); 
• Lifetime (cycles); 
• Operating temperature; 
• Daily self-discharge rate; 
• Depth of Discharge (DOD); 
• Spatial requirement; 
• Recharge time; 
• Investment power cost; 
• Investment energy cost; 
• Commercial use since; 
• Technical maturity; 
• Environmental impact; 
• Embodied energy; 
• Energy Stored on Invested (ESOI); 
• Recyclability; 
• Maintenance; 
• Memory effect; 
• Transportability; and 
• Cumulative energy demand. 
 
The database, including the results and the relevant discussion from the 
cross-comparisons, was then presented at the International Renewable 
Energy Storage conference (IRES) 2012 [64] where the author obtained 
constructive feedback from experts in the energy storage field. In addition, 
the above work was published in the Elsevier journal “Renewable and 
Sustainable Energy Reviews” under the title “Characteristics of electrical 
energy storage technologies and their applications in buildings”, so the 
author had the opportunity to improve this work through the reviewers’ 
comments.  
 
The study focused on the UK residential sector, addressed only the storage 
of electrical energy and did not deal with concurrent thermal energy issues. 
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As a number of battery technologies that are at different stages of technical 
maturity and development were addressed, this research study considered 
their current and prospective performance characteristics. 
 
A thorough review of current projects with battery installations in the UK was 
performed. This helped inform the systematic literature review in a 
comprehensive way according to current trends and technology limitations. 
Five case studies at residential level in the UK were investigated: 
• The Zero Carbon Homes project, in Slough; 
• The SoLaBristol project, in Bristol; 
• A residential battery installation in Newbury by PassivSystems Ltd.; 
• The Maes Yr Onn house in Caerphilly, Wales; and 
• The SOLCER Retrofit house 3 in Bettws, Wales. 
 
The author was also given the opportunity, through her own initiative, to 
investigate two battery installations in Philadelphia, US, thus addressing an 
international context in this study. There was a range of stakeholders who 
were interviewed by the author and provided different perspectives, such as 
PIs, project managers, engineers, researchers, as well as users and 
occupants of the buildings. Further data were collected through online 
correspondence. The selected projects were the most recent ones at 
residential level and provide insight into a range of possible considerations, 
such as different battery types, different geographical locations, as well as 
different applications. More specifically, the projects deal with either Li-ion or 
Pb-acid technologies, are in the UK or in the US, and address different 
applications of electricity storage, for example off-grid application, peak 
shaving and peak shifting among others. 
 
Ethical approval was obtained from WSA to conduct the semi-structured 
interviews (See Appendices E and F). This method was considered as most 
appropriate in order to gain reliable and comparable qualitative data, allowing 
the interviewees to express their views in their own terms. In addition, the 
20 
 
author was not likely to get more than one chance to interview the 
stakeholders, so according to Bernard [65], this method is considered to be 
effective in this respect. The author would also be able to prepare the 
questions ahead of time and tailor them to the needs of each interview. The 
interviews were tape-recorded and the author took notes at the same time. 
Later the tape and the notes were reviewed, and direct quotes that deemed 
especially relevant were occasionally written down. The tapes were, 
therefore, kept as a record, but were not transcribed word for word. A report 
summarizing and interpreting the information obtained was produced on the 
same day of each interview. Such reflections informed subsequent interviews 
that were carried out. 
 
After the appropriate information through the interviews was obtained, the 
database was updated. Any mismatches between the information obtained 
through the interviews and the information synthesised from the systematic 
literature review were identified and questioned. The informed database is 
the main outcome of Phase 1. This classification served as the basis for the 
evaluation of battery technologies in buildings, which was included in Phase 
3. Furthermore, information regarding installation guidelines for battery 
integration in buildings was obtained from currently applicable British 
Standards (i.e. BS EN50272-2:2001 and BS 7671). 
 
2.2.2 Second Phase 
The second phase addressed the energy demand side for the scales of 
interest. Analysis and modelling of electricity demand and consumption data 
in 4 scenarios in 2030 was performed. The work focused on electricity use in 
individual buildings and communities. The analysed data were then used in 
scenario modelling, to derive a demand and consumption range for the 
scales of interest for each scenario. The modelling was performed in 
Microsoft Excel, as this application was able to handle great volumes of data, 
as well as allow quick, effective and reliable collation and analysis. It also 
enabled good visual presentation of the data in charts. 
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Peak demand and electricity consumption values for the scales of interest in 
2030 were derived considering energy efficiency improvements (EE) in the 
building sector, the implementation of DR measures such as peak shifting 
and the electrification of transport (Te). One electric vehicle (EV) was 
assumed for each household. The corrected peak demand and consumption 
figures regarding the above considerations were based on recent projections 
for 2030 by UK research institutions, such as DECC [66]. Using a baseline 
scenario (BS 2015), four scenarios in 2030 were assessed regarding peak 
demand: 
a) business as usual (BAU 2030); 
b) energy efficiency and electrification of heating (EE 2030); 
c) demand response though peak shifting (DR 2030); and 
d) energy efficiency, electrification of heating and electrification of 
transport (Te 2030). 
As for electricity consumption (which addresses energy, whilst the peak 
demand addresses power), the same scenarios in 2030 except DR 2030 
were assessed, as no change in the total daily electricity consumption is 
incurred by the shifting of the load. 
 
Based on the assumptions above and on the typical residential half-hourly 
profiles provided by ELEXON, the electricity demand profiles for a typical 
weekday and weekend day in winter and summer were drawn for each 
scenario for a single household. The daily electricity consumption and the 
peak electricity demand for each scale and each scenario were also 
calculated and summarized in tables. The peak electricity demand was used 
to inform the sizing of the inverter for each scale, while the electricity 
consumption in winter was used for the estimation of the EES capacity. 
 
2.2.3 Third Phase 
The third phase addressed the battery requirements building on the outputs 
from phases one and two. The modelling for this phase was performed in 
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Microsoft Excel. Properties such as the footprint, volume and mass of the 
nine battery technologies were explored. Furthermore, the investment cost 
and the levelized cost of electricity (LCOE), which is the cost of electricity 
over the lifetime of the technology, were investigated. 
The study looked at grid-connected systems, which provide the possibility of 
‘island’ mode operation6 for a period of several hours up to several days. 
This would provide the building(s) with electrical energy autonomy in the 
case of an external grid failure. Further discussion on the benefits of island 
mode operation is provided in section 1.5.1. The need for battery storage in 
this study addresses high-energy services in the residential sector and 
includes energy management applications. 
 
The nominal capacity of the storage system for the scales of interest was 
estimated considering certain characteristics presented in the 
comprehensive database resulting from Phase 1 -including the round-trip 
efficiency of the battery technologies, the % daily self-discharge, their 
allowable depth of discharge level- as well as some additional factors 
identified through Phase 3 as being critical to sizing, such as the autonomy 
period of the system, the temperature factor, the design margin and the 
inverter’s efficiency. 
 
The range of autonomy periods considered was 4 days, 1 day, 14 hours and 
7 hours. This study assumed the possibility of a 100% renewable energy 
supply scenario7. Therefore, initially, four days, according to suggested data 
found in the literature, or one day were assumed as back-up duration for the 
                                            
6 The role of island operation may require a risk/benefit analysis and a statistical 
consideration of its likelihood for occurrence, as it adds significant costs. However, this is 
beyond the scope of this study and therefore has not been addressed. 
7 Examples of renewable energy supply are solar PV panels, wind turbines or a combination 
of these. Regarding conventional generation, it is unlikely that low cost night-time electricity 
would be stored so as to be used during the day when the cost is higher, as this would imply 
further carbon emissions due to the losses associated with battery storage, which is 
unsustainable. 
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battery. The period of one day was considered to identify potential 
differences between the period of 4 and 1 days on two aspects: a) the 
applicability of technologies and b) the spatial and other implications of the 
integration aspects on building design. Moreover, another five use cases of 
autonomy in the range of hours were investigated. The four of them assumed 
that electricity generated during daytime by PV panels is used to charge the 
batteries by 100%. This electricity is then used during evening and/or early 
morning hours providing an autonomy period of 7 or 14 hours. This period 
was identified through the load profile design in section 4.4.2 (Phase 2). The 
fifth use case assumes that the EV battery contributes to the overall 
domestic consumption during the required hours of storage. The model 
presented in these five use cases forces the battery to be emptied 
completely each night, as suggested by Provost [67].  
 
Based on the above, the nominal capacity requirements of the storage 
system depending on the technology, scenario and scale were calculated. 
The following formulas were used according to the autonomy period: 
• For four-day battery supply 
!!"#! = 4 ∗ (!!!!!" + !!""!" ) ∗ !! ∗ !! ∗ !" ∗ !!"!!"## ∗ !"! ∗ !!"#  
• For one-day battery supply 
!!"#! = !!""!" ∗ !! ∗ !! ∗ !" ∗ !!"!!"## ∗ !"! ∗ !!"#  
• For hourly (7 or 14 hours) battery supply !!"#/! = !!""/! ∗ !! ∗ !! ∗ !"!!"## ∗ !"! ∗ !!"#  
 
where !!"#! is the nominal capacity of the battery for four autonomy days !!"#! is the nominal capacity of the battery for one autonomy day !!"#/! is the nominal capacity of the battery for several hours of 
autonomy !!""!!  is the effective capacity of the battery for a day in the weekend 
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!!""!"  is the effective capacity of the battery for a weekday !!""/! is the effective capacity of the battery for several hours !! is the temperature factor !! is the aging factor DM is the design margin x is the autonomy period in days !!" is the daily self-discharge factor !!"## is the round-trip efficiency of the battery DOD is the depth of discharge !!"# is the inverter’s efficiency 
 
Before the estimation of the integration aspects, an applicability assessment 
was performed in order to check if the calculated nominal capacity of the 
systems was within the applicable energy rating of the nine battery 
technologies. Any limitations were identified at this stage. Then, in order to 
calculate the footprint, volume, mass, investment cost and LCOE for the daily 
autonomy period, the following aspects were considered: 
• the nominal capacity values  
• the quantitative battery characteristics that affect battery integration in 
buildings presented in the comprehensive table from Phase 1, which 
are: 
o the spatial requirement 
o the energy density 
o the specific energy 
o the investment cost per kWh 
By also using the demand profiles from Phase 2, the same aspects were 
calculated for the 7-hour and 14-hour autonomy period. The values of most 
of the quantitative characteristics were presented in ranges, as a minimum 
and maximum value had been found from the systematic literature review. In 
that case, two sets of data are presented for each aspect (i.e. footprint, 
volume, mass, cost); one for the minimum and one for the maximum value, 
indicating a low range or high range depending on the aspect explored. 
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The results from the above process formed the boundary conditions for each 
technology by scale and scenario and are depicted in tables of data as well 
as graphically to show the applicability of technologies for all scales up to 75 
households8. Additional graphs are provided for scales up to five households 
for a better understanding of the calculated values and the technologies’ 
applicability. The process led to the outline of a set of considerations that 
need to be taken into account in the design of a future built environment 
where EES systems would need to be integrated depending on the suitability 
of battery technologies. The procedure undertaken formed the base of a 
framework that allows examining the building integration of electrical energy 
storage systems in the future. The framework was then tested by applying 
the process to suitable examples of electricity storage technologies and 
applications. 
 
Any error variation considering the possible limitations and constraints of this 
study has also been investigated. For example, limitations regarding 
materials’ reserves in 2030 of the battery technologies under consideration 
or limitations arising from weather uncertainties or the stacking of batteries 
have been considered in section 7.4. 
 
2.3 Limitations 
As it was expected, some information needed from the manufacturing 
companies in Phase 1 and Phase 3 were not available. Therefore, any gaps 
regarding the available data were identified and, when appropriate, 
assumptions were made instead. These are highlighted in the discussion so 
that they can be addressed further in future research. 
 
 
                                            
8 The scale of 75 households represents the entire community for electrically heated 
dwellings. 
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Chapter 3 
Phase 1: Electricity storage - 
battery storage technologies 
 
3.1 Overview 
This chapter addresses Phase 1 of the research and looks at the energy 
storage side. An introduction is provided in section 3.2. It assessed 9 battery 
technologies according to 29 associated characteristics and helped identify 
the characteristics that affect battery integration. The assessment was 
performed through several loops (Figure 2-1), which primarily included a 
systematic literature review, as well as contact with manufacturers, feedback 
received following a journal publication and an international conference 
presentation and internal feedback opportunities. The systematic literature 
review outcomes, as well as the stage 1 revision (as shown in Figure 2-1) 
are presented in section 3.3 and are later discussed in section 3.4. The 
outcomes were further revised at a second stage through case studies 
(section 3.5 and 3.6), which explains the scrutiny this research work was 
exposed to, enhancing the reliability of the final outcomes. Information from 
practical applications through semi-structured interviews (five UK and two US 
case studies) was therefore sought and discussion of the outcomes is 
provided in section 3.7. This helped inform the systematic literature review in 
a comprehensive way according to current trends and technology limitations. 
Battery systems’ installation guidelines are included in section 3.8 and the 
conclusions of this chapter are presented in section 3.9.  
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3.2 Introduction 
Advanced energy storage solutions could help eliminate the potential 
mismatch between supply and demand occurring due to RES’s intermittency, 
thus contributing to improving power systems’ efficiency, as well as to 
increasing energy security and reliability, ensuring continuity of supply [1, 5, 
57]. EES technologies can be separated into two categories: “high power” 
and “high energy” storage systems [1-3]. High power storage systems deliver 
energy at very high rates but typically for short times (less than 10s), while 
high energy storage systems can provide energy for hours. There are also 
technologies that can be used either in high power or high energy systems 
and these are the electrochemical storage systems. The classification of the 
technologies into the above categories is shown in Table 3-1. In addition, 
with regard to the mechanisms for storing electrical energy, EES can use 
electrical fields, mechanical energy or chemical energy [2]. 
 
Table 3-1: Classification of EES systems 
 
*Electrochemical EES systems can be used either in high power (HP) or high 
energy (HE) applications 
 
The requirements concerning power, energy and discharge times are very 
different [2] and are presented in Figure 3-1, taken from the International 
Electrotechnical Commission’s white paper on electrical energy storage [46]. 
The currently available types of EES technologies exhibit a large spectrum of 
performances and capacities to match different application environments and 
Electrical)or)mechanical)
high)power)EES)systems)
Mechanical)
high)energy)EES)systems)
Electrochemical)EES)systems)
(HP)&)HE)poten9al)*"
Superconduc,ve"magne,c"
energy"storage"(SMES)"
Compressed"air"energy"
storage"(CAES)"
Accumulators"with"internal"
storage"(e.g."Pb/PbO2,"NiCd,"
LiGion,"NiMH,"NaNiCl,"NaS)"
Supercapacitors/
Electrochemical"double"layer"
capacitors"(EDLCs)"
Pumped"hydro"energy"
storage"(PHS)"
Accumulators"with"external"
storage"(e.g."hydrogen"
storage"system,"ﬂow"
baLeries)"Flywheels"
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electricity storage scales. Not all EES systems are commercially available in 
the ranges shown at present, but all are expected to become important [46]. 
Moreover, most of the technologies could be implemented with even larger 
power output and energy capacity, due to their modular design. 
 
Figure 3-1: Comparison of rated power, energy content and discharge time of 
different EES technologies [46] (after Schwunk 2011) 
 
3.2.1 Worldwide scale of EES installations 
There are a number of electricity storage installations worldwide, addressing 
a wide range of applications. Figure 3-2 shows the worldwide installed 
storage capacity of systems used in electricity grids. 
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2.8 Technical comparison of EES 
technologies
The previous sections have shown that a wide 
range of different technologies exists to store 
electrical energy. Different applications with 
different requirements demand different features 
from EES. Hence a comprehensive comparison 
and assessment of all storage technologies is 
rather ambitious, but in Figure 2-9 a general 
overview of EES is given. In this double-
logarithmi  chart the rated pow r (W) is plotted 
against the energy content (Wh) of EES systems. 
The nominal discharge time at rated power can 
also be seen, covering a range from seconds 
to months. Figure 2-9 comprises not only the 
application areas of today’s EES systems but 
also the predicted range in future applications. 
Not all EES systems are commercially available 
in the ranges shown at present, but all are 
expected to become important. Most of the 
technologies could be implemented with even 
larger power output and energy capacity, as 
all systems have a modular design, or could at 
least be doubled (apart from PHS and some 
restrictions for underground storage of H2, SNG 
and CAES). If a larg r power range or higher 
energy capacity is not realized, it will be mainly 
for economic reasons (cost per kW and cost per 
kWh, respectively).
Figure 2-9 – Comparison of rated power, ene y content and discharge time  
of different EES technologies
(Fraunhofer ISE)
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range of different technologies exists to store 
electrical energy. Different applications with 
different requirements demand differe t feature  
from EES. Hence a comprehensive comparison 
and assessment of all storage technologies is 
rather ambitious, but in Figure 2-9 a general 
overview of EES is given. In this double-
logarithmic chart the rated power (W) is plotted 
against the energy content (Wh) of EES systems. 
The nominal discharge time at rated power can 
also be seen, covering a range from seconds 
to months. Figure 2-9 comprises not only the 
application areas of today’s EES systems but 
also the predicted range in future applications. 
Not all EES systems are commercially available 
in the rang s shown at present, but all are 
expected to become imp rtant. Most of the 
technologi s could be implem nted with ven 
larger power output and energy capacity, as 
all systems have a modular design, or could at 
least be doubled (apart from PHS and some 
restrictions for underground storage of H2, SNG 
and CAES). If a larger power range or higher 
energy capacity is not realized, it will be mainly 
for economic reasons (cost per kW and cost per 
kWh, res e tively).
Figure 2-9 – Comparison of rated power, energy content and discharge time  
of differ nt EES technologies
(Fraunhofer ISE)
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Figure 3-2: Worldwide installed storage capacity for electrical energy [8] 
 
According to Figure 3-2, PHS systems currently hold almost all the worldwide 
installed storage capacity. PHS plants represent about 3% of the global 
generation capacity and account for over 99% of the total installed storage 
capacity. The remaining storage capacity of less than 1% belongs to CAES 
systems with 440 MW installed, NaS batteries with 316 MW installed and 
other technologies totalling less that 85 MW [8]. As regards the three most 
widely used EES systems, approximately 270 PHS plants are currently in 
operation or under construction [68], only 2 CAES systems have been 
installed  [2, 3, 8, 46, 69, 70] and about 223 NaS systems are operational 
[46]. Moreover, PHS systems have been installed in several locations, such 
as in Europe, USA, China, India and Japan. The two CAES units are located 
in USA and Germany, while NaS installations can be found in Japan, 
Germany, France, USA and UAE [46, 68]. As it is anticipated though, a 
larger need for EES will emerge in the future, and as a consequence a larger 
quantity of EES systems will be installed around the globe. 
 
A high number of EES systems are likely to be installed in Western Europe 
and China, as in these areas a rapid deployment of renewable energy 
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technologies is expected to emerge [71]. Worldwide battery storage projects 
currently total a capacity of about 556 MW, according to Pike Research [47, 
72]. This figure, which relates back to the second quarter of 2012, includes 
announced, funded, under construction and deployed projects and it should 
have increased since then. For instance, Strategen Conculting LLC found the 
worldwide battery storage capacity for deployed projects to be 594 MW in 
August 2012 [72]. As shown in Figure 3-3, among the battery technologies, 
NaS batteries hold the biggest share of 316 MW, accounting for over 50% of 
the worldwide capacity. Lead-acid batteries and flow batteries, and 
particularly V-Redox batteries, are quite popular with a share of 75 MW and 
89 MW respectively, while Li-ion batteries are currently behind with a 
capacity of 49 MW. 
 
 
Figure 3-3: Battery capacity (MW) worldwide (Includes announced, funded, 
under construction, and deployed projects) [47, 72] 
 
The up-to-date characteristics of each battery technology along with relevant 
international experience from case studies and demonstration projects are 
given below. 
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3.3 Battery storage systems 
These are classified into two groups; systems with integrated energy storage 
(e.g. lead-acid batteries, NiCd batteries, NiMH batteries, Li-ion batteries, NaS 
batteries, NaNiCl/ZEBRA batteries) and systems with external energy 
storage (e.g. V-redox, ZnBr, Zn-air batteries). In systems with external 
energy storage, there is a physical separation between the energy 
conversion unit and the charged active material, while in systems with 
integrated energy storage the charge/discharge reaction takes place directly 
in the active material, so no spatial separation occurs on this occasion. 
Systems with external storage are capable of being independently sized for 
power and energy for the storage facility, whereas in systems with integrated 
storage the available charge/discharge power is always relative to the energy 
storage capacity [2]. 
 
To better understand the architecture of a full battery system, the elements of 
a battery-based grid-tied system with PV and those of a battery-based off-
grid system with PV are presented in Figure 3-4 and Figure 3-5 [73]. The 
main elements are the PV array, the charge controller, the battery, the 
inverter, the utility (or generator in the case of off-grid systems) and the AC 
load panels/service entry. A grid-tied battery backup system has access to 
utility power, can use the inverter to export excess electricity back to the grid, 
and usually supplies electricity only to specific ‘critical’ loads during a utility 
outage. On the other hand, an off-grid system, with no access to utility 
power, has to supply all of the electricity at all times and can feature a back-
up generator in case the electricity generated by renewable energy is not 
sufficient. 
31 
 
 
Figure 3-4: Elements included in a battery-based grid-tied system with PV [73] 
 
 
Figure 3-5: Elements included in a battery-based off-grid system with PV [73] 
 
In both systems, DC power flows from the PV array through the charge 
controller to the battery bank and then to the inverter, in order for it to be 
converted to standard AC power for household energy use. The charge 
controller (or Maximum Power Point Tracking-MPPT- controller) optimizes 
the match between the electric power generated by the PV array and electric 
power able to charge the battery bank [74]. In other words, it converts a 
higher voltage DC output from solar panels down to the lower voltage 
needed to charge the battery. The inverter can be bi-directional, meaning 
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that it can draw power either from the PV array or the utility (or generator in 
the case of off-grid systems). So apart from the DC-to-AC power conversion, 
it can charge batteries, select from multiple power sources and control 
external functions, such as auxiliary output connections, e.g. a fan [75]. One 
of the inverter’s characteristics is its rated continuous output power, which 
represents the inverter’s capacity. For example, a 2,000 W inverter is rated 
to supply 2 kW of AC power continuously. In an off-grid system, this value 
determines the total wattage limit of AC loads that can be run 
simultaneously, so the inverter must have an output power rating large 
enough to handle all the simultaneous AC loads. 
 
For grid-tied battery-based inverters, the power rating is examined under two 
scenarios: a) when the grid is available and b) when there is an outage. 
When the grid is available, the inverter has to convert all available DC power 
from the PV array to AC, so as to be used in the home. If the PV array output 
exceeds the household demand, the excess is sent to the utility. The inverter 
capacity must be large enough to accommodate the size of the PV array. For 
instance, an inverter for a 4,000W PV array will generally be sized at that 
same power rating. However, climatic factors such as warm temperatures 
need to be considered in some cases, as they limit the PV array output, and 
thus the array-to-inverter ratio may vary. 
When the utility is down, the inverter’s job is to supply power to all the AC 
loads connected to it. Most of these systems include a ‘critical load 
subpanel’, as shown in Figure 3-4 so that not all of a home’s loads have to 
be supplied with electricity, which keeps battery and system costs down. The 
inverter capacity must be large enough to meet the total requirement of all 
connected AC loads that might be run simultaneously, and large enough to 
handle the PV array’s output. This means it should be able to meet the 
highest value of the two. 
The inverters have the ability to be stackable - that is the capability to 
connect multiple inverters together to create higher voltage output (series 
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stacking) or output current (parallel stacking) [73]. Stacked inverters can be 
programmed to activate only if needed so that when there is low power 
demand, standby losses are reduced. 
As regards the battery bank’s architecture, this is presented in Figure 3-6. 
The battery bank consists of several modules, which can be arranged in 
different ways and provide flexibility regarding the size and shape of the 
battery bank. Each module consists of internal cells that are series or parallel 
connected and fused. Each cell has a voltage and current value, so the way 
they are connected indicates the power rating and energy rating of the 
battery. The battery cells can be connected together to form higher voltage 
battery packs [76] and thus systems of higher capacity. Example 
configurations of battery cells are shown in Figure 3-7. 
 
 
Figure 3-6: Architecture of a battery bank [77] 
 
Battery bank 
Battery 
cell 
Battery 
module 
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Figure 3-7: Example configurations of battery cells [76] 
 
As shown in Figure 3-7, cells can be upright and positioned diagonally to 
each other (configuration number 1) for smallest possible pack size, they can 
be positioned next to each other (configurations number 2 and number 3) or 
they can be positioned with one directly on top of another (configurations 
number 4-7). It is even possible that customer-specified configurations that 
require special manufacturing requirements can become available [76]. So 
by connecting many batteries, a system of several MWh can be easily 
constructed.  
 
The battery system is managed through the battery management system 
(BMS). The BMS is an electronic system that helps protect the battery from 
operating outside its safe operating area and also reports data relevant to the 
battery’s operation. By using external communication, the state of the battery 
can be monitored and any potential damage or hazards can be prevented. 
 
According to [78], the battery technologies that can be used for large-scale1 
                                            
1 Large-scale energy storage is also called grid energy storage and is capable of supplying a 
large number of customers (e.g. at transmission level). 
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energy storage in stationary applications2 and are commercially available 
today are Pb-acid, NiCd and ZnBr batteries. However attempts have recently 
been made to use stationary Li-ion batteries in utility scale. As an example, a 
12MW/3MWh Li-ion battery was installed in Chile in 2009 [46]. The battery 
serves for frequency regulation and contributes to the efficient management 
of fluctuations in demand. 
 
The power rating of a large battery system would usually be in the range of 
100kW-10MW, and the battery would be used to provide balancing services 
in the electric grid [79]. The largest stationary NiCd battery operates in 
Alaska, USA, as a local backup system [2, 70, 78]. NaS batteries have the 
potential to be used in bulk energy storage as well as for load-leveling 
purposes. An example highlighting this potential is the use of the NaS energy 
storage technology in the island of Graciosa in the Canary Islands, where a 
stand-alone renewable energy network is currently being developed [80]. As 
regards the EES facilities on the island, two 500 kW NaS battery units have 
been installed for large-scale storage. 
 
With respect to the battery technologies that can be applied to distributed 
generation, these are Pb-acid, NaS, NiCd, Li-ion, ZnBr and redox-flow 
batteries. Metal-air rechargeable batteries and especially Zn-Air, which are a 
very promising technology, are currently under development. They have the 
potential to be used not only in distributed applications, but also in utility-
scale energy storage and are expected to be commercially available in 2016 
[81]. 
 
As Sadoway [82] observes, none of the currently available battery 
technologies can meet the demanding performance requirements of the grid, 
which are very high power, long lifetime and very low cost. A recent 
innovation, introduced by Sadoway, is a grid-size battery system that stores 
                                            
2 Stationary battery applications are the ones that are not mobile (such as in the case of 
hybrid or electric vehicles). 
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energy using a three-layer liquid-metal core. It is a high temperature Mg/Sb 
(Manganese/Antimony) battery technology and is said to be inexpensive, 
robust and incredibly efficient. 
 
It is apparent that some technologies have a few overlapping characteristics 
regarding their applications, but on the whole they are very distinct from each 
other. As each storage technology has its own strengths and weaknesses, 
complementary battery technologies can be coupled to form hybrid systems, 
so as to increase the range of services that a single storage system can 
provide [7, 9, 46, 83, 84]. Hybrid storage systems are expected to provide 
increased operational safety, greater efficiencies, improved lifetime and 
reduced costs [55, 85], so the use of multifunctional hybrid EES systems is 
considered to be a favourable option for the future. However, further 
research and development need to be undertaken so that their feasibility is 
demonstrated in multiple applications. Moreover, the establishment of a joint 
platform involving different actors of the storage arena, such as research 
institutes, manufacturers and utilities, could provide the interdisciplinary 
collaboration which is needed to make further progress in this field [55]. 
 
The parameters explained above along with others discussed below have 
been collated and synthesised in a comprehensive table, including 
information for the battery technologies discussed in this study. Therefore, 
Table 3-2 is the main outcome of this phase and includes the most important 
characteristics of battery technologies. The strengths and weaknesses of 
each battery technology are also indicated in the table. The information 
presented there is applicable at international level, in contrast to the data for 
UK electricity consumption presented in Phase 2 (Chapter 5) that is relevant 
mainly to the UK. Note that the characteristics presented there address 
battery cells and not the whole battery system. Therefore, any impact from 
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cabinets, racks and electric components3 is not included. The spatial 
requirement addresses battery modules, as this is the smallest division that 
can be applicable in a battery system4. The power rating, energy rating, 
investment power cost, investment energy cost and transportability refer to 
the battery bank level, while the rest refer to the cell level. 
 
 
 
 
                                            
3 Electrical components include contactors, breakers, the Battery Management System 
(BMS), fusing, bus bars and pre-charge resistors. It is advised that battery manufacturers 
are contacted for details on these. 
4 As the spatial requirement addresses modules, it is assumed that the overall footprint of 
the battery technologies discussed in Phase 3 refers to leveled batteries touching the floor 
without any stacking of the modules taking place. 
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Table 3-2: Strengths and weaknesses of battery technologies (author’s own) 
 
Power 
rating 
M
W
 
Energy 
rating 
kW
h 
Specific 
power 
W
/kg 
Specific 
energy 
W
h/kg 
Power 
density 
kW
/m
3 Energy 
density 
kW
h/m
3 Round
-trip 
eff. %
 Critical 
voltage 
V 
Discharge 
tim
e 
Response 
tim
e 
Lifetim
e 
(years) Lifetim
e 
(cycles) Operating 
tem
p. °C 
Self-
discharge 
%
/day 
DOD 
%
 
Spatial 
requirem
ent 
m
2/kW
h 
Recharge 
tim
e b 
Investm
ent 
power cost 
€/kW
 
Investm
ent 
energy 
cost €/kW
h Com
m
er-
cial use 
since 
Technical 
m
aturity 
Envir. 
Im
pact c Em
bodied 
energy 
M
J
prim / 
W
h
stor  
ESOI 
M
J
el / 
M
wh
el  
Recy- 
clability M
ainte
nance M
em
ory 
effect 
Trans-
port-
ability Cum
ulative 
en. dem
and 
M
J/kW
h 
Pb-acid 
<70 
1-10
5 
75-300 
30-50 
90-700 
40-80 
80-90 
1.75 
s-3h 
m
s 
3-15 
2x10
3 
25 
0.1-0.3 
50-75 
0.074-0.22 
8h-16h 
200-650 
50-300 
1870 
m
ature 
2 
1.16 
6 
5 
3 
no 
yes 
652 
NiCd 
<40 
10
-2-
1.5x10
3 150-300 
45-80 
75-700 
<200 
70-75 
1 
s-h 
m
s 
15-20 
1.5x10
3 -40 to +45 
0.2-0.6 
75 
0.009-0.038 
1h 
350-1,000 
200-1,000 
1915 
m
ature 
(portable) 
2 
4.1 
N/A 
4 
1 
yes 
yes 
1,372 
NiM
H 
10
-6-0.2 10
-2-500 700-756 60-120 
500-
3,000 
<350 
70-75 
1 
h 
m
s 
5-10 
3x10
2-
5x10
2 
-20 to +45 
0.4-1.2 
80 
0.032 
2h-4h 
120%
xNiCd 120%
xNiCd 
1995 
m
ature 
(m
obile) 
3 
3.7 
N/A 
4 
1 
yes 
yes 
N/A 
Li-ion 
0.1-10 10
-2-10
5 230-340 100-250 1,300-
10,000 140-630 90-98 
3 
m
in-h 
m
s-s 
8-15 
>4x10
3 
-10 to +50 
0.1-0.3 
80 
0.005-0.013 
m
in-h 
700-3,000 
200-1,800 
1991 
m
ature 
(m
obile) 
4 
1.63 
35 
4 
5 
no 
yes 
1,156 
NaS 
0.5-50 
360-
6x10
5 
90-230 150-240 
120-
160 
<400 
85-90 
1.75-
1.9 
s-h 
m
s 
12-20 
2x10
3-
4.5x10
3 
300 
20 
80 
0.004 
9h 
700-2,000 
200-900 
1998 
m
edium
 
4 
1.76 
26 
5 
3 
no 
yes 
N/A 
NaNiCl 
<1 
10-
5x10
3 
130-160 
125 
250-
270 
150-200 
90 
1.8-2.5 
m
in-h 
m
s 
12-20 
10
3-
2.5x10
3 
+270 to 
+350 
15 
80 
0.017-0.022 
6h-8h 
100-200 
70-150 
1995 
m
ature 
(m
obile) 
N/A 
N/A 
N/A 
5 
5 
yes 
yes 
N/A 
V-Redox 
0.03-7 
10-10
4 
N/A 
75 
0.5-2 
20-35 
75 
0.7-0.8 
s-10h 
< 1m
s 
10-20 
>13x10
3 
0 to +40 
0-10 
100 
0.024-0.042 
m
in 
2,500 
100-1,000 
1998 
m
edium
 
3 
2.5 
14 
5 
3 
no 
no 
774 
ZnBr 
0.05-2 
50-
4x10
3 
50-150 
60-80 
1-25 
20-35 
70-75 
0.17-
0.3 
s-10h 
< 1m
s 
5-10 
>2x10
3 +20 to +50 
0-1 
100 
0.014-0.025 
3h-4h 
500-1,800 
100-700 
2009 
m
edium
 
3 
1.82 
15 
5 
1 
no 
yes 
N/A 
Zn-air a 
several 
70-
ax10
3 
1350 
400 
50-100 
800 
75 
0.9 
6h 
m
s 
30 
>2x10
3 
(>10
4) 
0 to +50 
N/A 
100 
0.006 
N/A 
785 
126 
2016 
early 
3 
N/A 
N/A 
3 
3 
no 
yes 
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Notes for Table 3-2: 
The en-dash in som
e inputs (e.g. in colum
n energy rating) is indicative of “to”. It is used as a sign to indicate the range. 
N/A = Not available in the literature, Not appl. = Not applicable. 
a Zn-air energy storage system
 refers to rechargeable flow battery technology; it is an em
erging technology, which has been developed very recently. 
b The recharge tim
e for each technology is proportionate to the size of the system
. 
c Environm
ental im
pact, recyclability and m
aintenance are classified on a 5-point scale (1 to 5). For environm
ental im
pact and m
aintenance 1=high, 2=m
edium
, 
3=low, 4=very low, 5=no. For recyclability 1=poor, 5=excellent. 
 
Legend 
 
 
M
ost favourable value for the specific characteristic and technology 
 
 
 
Second m
ost favourable value for the specific characteristic and technology 
 
 
 
Least favourable value for the specific characteristic and technology 
 
Table 3-3: References for Table 3-2 
 
Power 
rating 
M
W
 
Energy 
rating 
kW
h 
Specific 
power 
W
/kg 
Specific 
energy 
W
h/kg 
Power 
density 
kW
/m
3 Energy 
density 
kW
h/m
3 Round 
trip eff. 
%
 
Critical 
voltage 
V 
Discharge 
tim
e 
Response 
tim
e 
Lifetim
e 
(years) Lifetim
e 
(cycles) Operating 
tem
p. 
°C 
Self- 
discharge 
%
/day 
DOD 
%
 
Spatial 
requirem
ent 
m
2/kW
h 
Recharge 
tim
e 
Investm
ent 
power 
cost €/kW
 Investm
ent 
energy 
cost €/kW
h Com
m
er-
cial use 
since 
Techni-
cal 
m
aturity 
Envir.  
im
pact 
Em
bodied 
energy 
M
J
prim / 
W
h
stor  
ESOI 
M
J
el / 
M
W
h
el  
Recy- 
clability 
M
ain- 
tenance M
em
ory 
effect 
Trans- 
port- 
ability Cum
ulative 
en. dem
and 
M
J/kW
h 
Pb-acid 
[2] 
[46, 84] 
[7] 
[7, 84] 
[46] 
[2, 83, 
86] 
[2, 46] [87, 88] 
[7] 
[46, 89, 90] 
[7] 
[2] 
[91] 
[7, 92] 
[93-
95] 
[96] 
[84] 
[7] 
[2, 7] 
[84] 
[46, 97] 
[84] 
[98] 
[99] 
[2, 9, 
100] 
[78, 92] 
[101] 
[8] 
[100] 
NiCd 
[7] 
[84] 
[7] 
[84] 
[46] 
[83] 
[2] 
[88, 
102] 
[7] 
[46, 89, 97] 
[7] 
[84] 
[2] 
[7] 
[93] 
[103, 104] 
[84] 
[7] 
[7] 
[46] 
[46] 
[84] 
[105] 
N/A 
[84, 100] 
[84] 
[7, 9, 89, 
97, 101] 
[106] 
[100] 
NiM
H 
[84] 
[84] 
[46, 107] 
[84] 
[46] 
[83] 
[2] 
[88, 
102] 
[46] 
[46, 89, 
108] 
[46] 
[84] 
[2, 84] 
[84] 
[109, 
110] 
[111] 
[84] 
[84] 
[84] 
[46] 
[46] 
[84] 
[105] 
N/A 
assum
p. 
[84] 
[7, 101] 
[84] 
N/A 
Li-ion 
[83, 
112] 
[84] 
[83] 
[83, 84] 
[46] 
[83] 
[2, 8, 
84] 
[87, 88, 
113, 
114] 
[7, 83] 
[46, 83, 89] 
[4, 7, 
115] 
[8, 84] 
[84] 
[7, 92] 
[93] 
[116] 
[83] 
[7] 
[7, 112] 
[8, 84, 
101] 
[2, 97] 
[9, 100] 
[98] 
[99] 
[9, 84, 
100] 
[84] 
[83, 84, 
101] 
[8, 84] 
[100] 
NaS 
[7] 
[84, 
117, 
118] 
[7] 
[7] 
[46] 
[46, 119] 
[7] 
[120, 
121] 
[7, 90] 
[46, 89, 97] 
[2] 
[7] 
[83] 
[7] 
[93] 
[122] 
[123] 
[7] 
[7] 
[97] 
[97] 
[84, 97] 
[98] 
[99] 
[97, 124] 
[78, 92] 
[125] 
[8, 126] 
N/A 
NaNiCl 
[7] 
[84] 
[7] 
[7] 
[46] 
[84] 
[7, 9] 
[127] 
[7] 
[46, 89, 108] 
[2] 
[84] 
[2, 84] 
[7] 
[93] 
[128] 
[129] 
[7] 
[7] 
[46] 
[130] 
N/A 
N/A 
N/A 
[84, 129] 
[84] 
[129] 
[8] 
N/A 
V-Redox 
[7] 
[8, 131] 
N/A 
[2, 7] 
[46] 
[84] 
[2, 4] 
[132, 
133] 
[7] 
[84] 
[84] 
[2] 
[7, 84] 
[7] 
[93] 
[134] 
[46] 
[46] 
[7] 
[84] 
[7, 97] 
[84] 
[98] 
[99] 
[84] 
[4, 97] 
[131] 
[84] 
[100] 
ZnBr 
[7] 
[84] 
[7, 84] 
[84] 
[46] 
[84] 
[7, 84] 
[135] 
[7] 
[97] 
[2, 7] 
[7] 
[124, 136] 
[7, 84] 
[93] 
[137] 
[97] 
[7] 
[7] 
[97] 
[7, 97] 
[84] 
[98] 
[99] 
[84] 
[78] 
[124] 
[8] 
N/A 
Zn-air 
[138] 
[138] 
[46] 
[139] 
[46] 
[139] 
[140] 
[141, 
142] 
[138] 
[46, 89, 
138] 
[138] 
[138] 
[143] 
N/A 
[93, 
140] 
[144] 
N/A 
[138] 
N/A 
[81, 145] 
[46] 
[89, 126, 
138, 139] 
N/A 
N/A 
[9] 
[138] 
[146] 
[8] 
[100] 
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3.4 Discussion 
3.4.1 Usability of Table 3-2 
Comparisons among the battery technologies and their characteristics are 
facilitated through the use of Table 3-2 above. For instance, let us assume 
that an architect is asked to integrate an electricity storage system in a 
remote building in the Mediterranean, powered by photovoltaics. The system 
would serve as electricity reserve for the building and the priority that the 
owner has set for the system is maximum efficiency. 
 
The application described in the example is a high energy application, so, 
according to Table 3-2, maximum efficiency is provided by either Li-ion or 
NaNiCl batteries at present, with Li-ion scoring a bit higher. For convenience, 
Li-ion and NaNiCl rows of Table 3-2 are highlighted in Figure 3-8. 
 
 
Figure 3-8: Li-ion and NaNiCl technologies as most favourable ones for the 
case example 
 
Li-ion batteries have a considerably higher energy density (indicated in bold) 
than NaNiCl batteries, which results to a lower spatial requirement in the 
area that the building occupies. This may not be an issue in this case under 
the specific assumptions, as there will possibly be enough space to 
accommodate either of the two systems; the lifetime and the maintenance 
requirements though may need to be considered, as the building is located in 
a remote area. NaNiCl batteries may be a better option in this respect, as 
they can last up to 20 years, while Li-ion batteries are unlikely to exceed 15 
years. Hence, the replacement time will be higher for the NaNiCl. Regarding 
maintenance, both technologies score high, so the occupants will not have to 
Phase 1 - Energy supply side 
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Table 8: Characteristics of EES technologies (references are provided in Table 9) 
 
Power 
rating 
MW 
Energy 
rating 
kWh 
Specific 
power 
W/kg 
Specific 
energy 
Wh/kg 
Power 
density 
kW/m3 
Energy 
density 
kWh/m3 
Round-
trip eff. 
% 
Critical 
voltage 
V 
Discharge 
time 
Response 
time 
Lifetime 
(years) 
Lifetime 
(cycles) 
Operating 
temp. 
°C 
Self-
discharge 
%/day 
Depth of 
Discharge 
% 
    Spatial    f 
requirement 
m2/kWh 
Recharge I 
time 
Investment 
power 
cost €/kW 
Investment 
energy 
cost €/kWh 
Com-
mercial 
use since 
Technical 
maturity 
Envir.e 
impact 
Embodied 
energy 
MJprim/Whstor 
ESOI 
MJel/MWhel 
Recy- e,f 
clability 
Main-   e 
tenance Memory effect 
Trans-
port-
ability 
Cumulative k 
en. demand 
MJ/kWh 
PHS 100-5000 
2x105-
5x106 Not appl. 0.5-1.5 0.1-0.2 0.2-2 75-85 Not appl. h-days s-min 50-100 >5x10
5 Ambient 0 100 0.02 min-h 500-3,600 60-150 1929 mature 1 0.36  830 Not appl. 3 Not appl. no N/A 
CAES 100-300 2x10
5-
106 Not appl. 30-60 0.2-0.6 12 ≤55 Not appl. h-days 1-15min 25-40 No limit Ambient 0 70 
  0.10-0.28   g min-h 400-1,150 10-40 N/A  medium  
j 1 0.26 1,100 Not appl. 3 Not appl. no N/A 
Hydrogen <50 >105 >500 33,330 0.2-20      600  
b 29-49 Not appl. s-days ms-min 5-15 >103 +80 to +100 a 0.5-2 50 
 0.005-0.06  g Instant. 550-1,600d 1-15 2010 early 3 N/A 59-78 2-3? 1 Not appl. yes 5,501 
Flywheel ≤50 10-5x103 400-1600 5-130 5,000 20-80 85-95 Not appl. 15s-15min ms-s ≥20 105-107 -20 to +40 20-100 88   0.28-0.61   
g <15min 100-300 1,000-3,500 2008 mature 5 N/A N/A 4 3 no yes 30,449 
SMES 0.01-10 10-1-102 500-2000 0.5-5 2,600 6 ≥95 Not appl. ms-5min ms ≥20 104 -270 to -140 10-15 100 
    0.93-26    g min 100-400 700-7,000 2000’s early 3 N/A N/A N/A 2 N/A yes N/A 
EDLC 0.01-1 10-3-10 0.1-10 0.1-15 40,000-120,000 10-20 85-98 0.5 ms-1h ms ≥20 >5x10
5 -40 to +85 2-40 100 0.43 s-min 100-400 300-4,000 1980’s medium 3 N/A N/A 4 4 no yes N/A 
Co
nv
en
tio
na
l 
ba
tte
rie
s 
Pb-acid <70 1-105 75-300 30-50 90-700 40-80 80-90 1.75 s-3h ms 3-15 2x103 +25 0.1-0.3 75 0.074-0.22 8h-16h 200-650 50-300 1870 mature 2 1.16  6 5 3 no yes 652 
NiCd <40 10
-2-
1.5x103 150-300 45-80 75-700 <200 70-75 1.0 s-h ms 15-20 1.5x10
3 -40 to +45 0.2-0.6 75 0.009-0.038 1h 350-1,000 200-1,000 1915 mature (portable) 2 4.1 N/A 4-5 1 yes yes 1,372 
NiMH 10-6-0.2 10-2-500 700-756 60-120 500-3,000 <350 70-75 1.0 h ms 5-10 3x10
2-
5x102 -20 to +45 0.4-1.2 80 0.032 2h-4h 120%xNiCd 120%xNiCd 1995 
mature 
(mobile) 3 3.7 N/A 4-5? 1 yes yes N/A 
Ad
va
nc
ed
 
ba
tte
rie
s 
Li-ion 0.1-10 10-2-105 230-340 100-250 1,300-10,000 140-630 90-98 3.0 min-h ms-s 8-15 >4x10
3 -10 to +50 0.1-0.3 80 0.005-0.013 min-h 700-3,000 200-1,800 1991 mature (mobile) 4 1.63 35 4 5 no yes 1,156 
NaS 0.5-50 360-6x105 90-230 150-240 120-160 <400 85-90 1.75-1.9 s-h ms 12-20 
2x103-
4.5x103 +300 20 80 0.004 9h 700-2,000 200-900 1998 medium 4 1.76 26 5 3 no yes N/A 
NaNiCl <1 10-5x103 130-160 125 250-270 150-200 90 1.8-2.5 min-h ms 12-20 10
3-
2.5x103 
+270 to 
+350 15 80 0.017-0.022 6h-8h 100-200 70-150 1995 
mature 
(mobile) N/A N/A N/A 5 5 no yes N/A 
Fl
ow
 
ba
tte
rie
s 
V-Redox 0.03-7 10-104 N/A 75 0.5-2 20-35 75 0.7-0.8 s-10h < 1ms 10-20 >13x103 0 to +40 0-10 100 0.024-0.042 min 2,500 100-1,000 1998 medium 3 2.50 14 5 3 no no 774 
ZnBr 0.05-2 50-4x103 50-150 60-80 1-25 20-35 70-75 0.17-0.3 s-10h < 1ms 5-10 >2x103 +20 to +50 0-1 100 0.014-0.025 3h-4h 500-1,800 100-700 2009 medium 3 1.82 15 5 1 no yes N/A 
 Zn-air  c several 70-ax103 1350 400 50-100 800 75 0.9 6h ms 30 >2x10
3 
(>104) 0 to +50 N/A 100 0.006 N/A 785 126 2016 early 3 N/A N/A 3 3 no yes 710 
Font coding (related to the characteristic described in each column): bold with bigger font=most favourable(s), bold=second most favourable(s), italic=least favourable(s) 
!
Legend!and!notes 
Table 9: References for Table 8 
 
Power 
rating 
MW 
Energy 
rating 
kWh 
Specific 
power 
W/kg 
Specific 
energy 
Wh/kg 
Power 
density 
kW/m3 
Energy 
density 
kWh/m3 
Round- 
trip eff. 
% 
Critical 
voltage 
V 
Discharge 
time 
Response 
time 
Lifetime 
(years) 
Lifetime 
(cycles) 
Operating 
temp. 
°C 
Self- 
discharge 
%/day 
Depth of 
discharge 
% 
Spatial 
requirement 
m2/kWh 
Recharge 
time 
Investment 
power 
cost €/kW 
Investment 
energy 
cost €/kWh 
Com- 
mercial 
use since 
Technical 
maturity 
Envir. 
impact 
Embodied 
energy 
MJprim/Whstor 
ESOI 
MJel/MWhel 
Recy- 
clability 
Main- 
tenance 
Memory 
effect 
Trans- 
port- 
ability 
Cumulative 
en. demand 
MJ/kWh 
PHS [11] [36] Not appl. [11, 36] [17] [17] [9, 17] Not appl. [11, 17] [11, 27, 36] 
[9, 11, 
36] [27] assump [11, 36] [100] [48] [9] [11, 36] [11] [32, 49] [3, 17, 48] [36] [80] [80] Not appl. [32, 36] Not appl. [36] N/A 
CAES [11] [36] Not appl. [11] [17] [3, 36] [9] Not appl. [11, 50] [11, 36] [11, 36] [36] assump [11] [100] [48] [51] [11, 36] [36] N/A [3, 48] [48] [80] [80] Not appl. [32] Not appl. [36] N/A 
Hydrogen [11] [17] [4, 11] [17] [17] [17] [9] Not appl. [11] [48] [11] [11] [9] [11] [101] [48] [48] [11] [11] [52] [3, 17, 48] [48] [4] N/A [102] assump. [13] Not appl. [53] [54] 
Flywheel [11, 36, 84] [36, 84] [11, 36] [11] [17] [17] [11] Not appl. [11] 
[4, 11, 12, 
27] 
[11, 36, 
53] [11, 36] [11, 36] [9, 11] [100] [48] [36] [11] [11] [55] [3, 17] 
[36, 48, 
53] N/A N/A [54] [53, 56] [57] [58] [54] 
SMES [36] [36] [11] [11] [17] [17] [4, 11, 20, 59] Not appl. [11] 
[4, 11, 27, 
48] [11, 36] [11, 36] [17, 36] [11] [100] [48] [60] [11] [11] [36] [3, 17] [48] N/A N/A N/A [4, 36] N/A [61] N/A 
EDLC [11] [36] [11, 36] [11] [17] [17] [11, 36] [103] [11] [4, 11, 48] [11] [9] [11, 36] [11] [100] [48] [36] [11] [11] [13] [3] [13] N/A N/A [17] [11, 36] [53] [11] N/A 
Co
nv
en
tio
na
l 
ba
tte
rie
s 
Pb-acid [9] [17, 36] [11] [11, 36] [17] [9, 27, 83] [9, 17] 
[104, 
105] [11] [4, 17, 48] [11] [9] [62] [11, 56] [100] [90] [36] [11] [9, 11] [36] [3, 17] [36] [80] [80] 
[9, 13, 
54] [32, 56] [63] [12] [54] 
NiCd [11] [36] [11] [36] [17] [27] [9] [105, 106] [11] [3, 4, 17] [11] [36] [9] [11] [100] [91, 92] [36] [11] [11] [17] [17] [36] [81] N/A [36, 54] [36] 
[3, 4, 11, 
13, 63] [64] [54] 
NiMH [36] [36] [17, 65] [36] [17] [27] [9] [105, 106] [17] [4, 17, 50] [17] [36] [9, 36] [36] [107, 108] [93] [36] [36] [36] [17] [17] [36] [81] N/A assump. [36] [11, 63] [36] N/A 
Ad
va
nc
ed
 
ba
tte
rie
s 
Li-ion [27, 85] [36] [27] [27, 36] [17] [27] [9, 12, 36] 
[104, 
105, 109, 
110] 
[11, 27] [4, 17, 27] [5, 11, 66] [12, 36] [36] [11, 56] [100] [94] [27] [11] [11, 85] 
[12, 36, 
63] [3, 9] [13, 54] [80] [80] 
[13, 36, 
54] [36] 
[27, 36, 
63]  [12, 36] [54] 
NaS [11] [36, 86, 87] [11] [11] [17] [17, 67] [11] 
[111, 
112] [11, 48] [3, 4, 17] [9] [11] [27] [11] [100] [95] [68] [11] [11] [3] [3] [3, 36] [80] [80] [3, 53] [32, 56] [59] [12, 69] N/A 
NaNiCl [11] [36] [11] [11] [17] [36] [11, 13] [113] [11] [4, 17, 50] [9] [36] [9, 36] [11] [100] [96] [70] [11] [11] [17] [71] N/A N/A N/A [36, 70] [36] [70] [12] N/A 
Fl
ow
 
ba
tte
rie
s 
V-Redox [11] [12, 72] N/A [9, 11] [17] [36] [5, 9] [114, 115] [11] [36] [36] [9] [11, 36] [11] [100] [97] [17] [17] [11] [36] [3, 11] [36] [80] [80] [36] [3, 5] [72] [36] [54] 
ZnBr [11] [36] [11, 36] [36] [17] [36] [11, 36] [116] [11] [3] [9, 11] [11] [53, 73] [11, 36] [100] [98] [3] [11] [11] [3] [3, 11] [36] [80] [80] [36] [32] [53] [12] N/A 
Zn-air [74] [74] [17] [75] [17] [75] [89] [117, 118] [74] [4, 17, 74] [74] [74] [77] N/A [89, 100] [99] N/A [74] N/A [46, 88] [17] 
[4, 69, 
74, 75] N/A N/A [13] [74] [78] [12] [54] 
Li-ion 
NaNiCl 
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bother about calling a technician for this purpose or about the associated 
costs. In addition, the response and discharge times will be pretty much the 
same for both systems, but the recharge time varies, the most favourable 
being Li-ion batteries’. Moreover, NaNiCl batteries have a quite high self-
discharge per day (losses due to heating), which could cause inconvenience 
to the occupants depending on the battery’s location and frequency of use. 
The depth of discharge5 is the same for the two technologies (80%), so they 
would experience the same impact on the nominal capacity of the system. 
 
Li-ion batteries seem to have a lead over NaNiCl systems so far. However, 
there are huge differences on the investment costs of these two 
technologies. Li-ion is far more expensive than NaNiCl, which is a point that 
would perhaps be of interest to the owner. In this instance, the power costs 
for Li-ion and NaNiCl are indicated in italic and bold correspondingly. 
Furthermore, the recyclability rating is somewhat higher for NaNiCl, which 
would affect the decision of an environmentally conscious owner. 
Unfortunately the embodied energy and ESOI values are unavailable for 
NaNiCl, so it is not possible to compare the two technologies in this respect. 
 
As a matter of fact, an analysis provided by [46] regarding a similar scenario 
suggests that Li-ion and NaNiCl batteries would be appropriate storage 
solutions for the building powered by photovoltaics, which confirms the 
findings based on Table 3-2. The limitation that is presented for NaNiCl is the 
cycling on a daily basis, while for the Li-ion the investment costs consist a 
concern [46]. 
 
The interpretation described above, which is based on the information 
provided in Table 3-2, shows that it is not possible to state unequivocally that 
a certain (battery) storage technology is better than another. Each case is 
unique and depending on the application and the priorities set, the final 
                                            
5 Further details on the depth of discharge are provided in section 5.2. 
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decision can vary. In any case, the decision making process towards the 
most favourable option is a compromising process. 
3.4.2 Integration aspects of battery technologies 
The comparison among the battery storage technologies above makes clear 
that no single technology scores high in all the parameters discussed. For 
example, batteries of one type or the other can address all application areas, 
although they are not always the least expensive option [78]. 
 
Lead-acid batteries are a state-of-the-art technology for PV energy storage 
and UPS systems and currently have the lowest investment cost per kWh, 
low daily self-discharge, excellent recyclability, no memory effect and the 
lowest cumulative energy demand for the material resources. They are also 
transportable. However, they have a relatively limited lifetime of up to 15 
years in the best scenario, a DOD of 50-75% and the recharge time might 
take up to 16 hours depending on the size of the system. Last but not least, 
they have the image of “old” technology [57]. 
 
Li-ion batteries offer good power capability, high energy and power density, 
high efficiencies, low weight and small footprint and are environmentally 
benign, due to having good recyclability. They are, however, still expensive 
and also further R&D is required to prove their suitability for large-scale 
applications including solar and wind plants. In addition, there are safety 
issues associated with their operation, as is the case for NiCd and NaS 
batteries. NaS technology is a light option with the lowest spatial requirement 
among all battery technologies assessed in this study, has low environmental 
impact and very high recyclability, no memory effect and is transportable. On 
the other hand, NaS batteries are not suitable for integration in a small scale 
(e.g. a single dwelling or a group of dwellings according to their energy 
consumption), as the lowest available module and thus the technology’s 
energy rating starts from 360kWh. They also operate in high temperatures 
and have the biggest recharge time. 
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NiCd batteries have a good operating temperature range being able to 
operate in an outdoor environment in most regions around the world and also 
have a low daily self-discharge. Moreover, they have a small footprint, are 
recyclable and transportable. However, they have the highest embodied 
energy, a high maintenance requirement and most importantly suffer from 
memory effect, which is the case with NiMH and NaNiCl batteries as well. 
NiMH batteries have the lowest energy and power rating, which makes them 
unable to handle large peak power demand and electricity consumption 
values and thus unable to be integrated in a large community. They also 
have a small cycle life and lifetime of up to 10 years, as well as high 
maintenance, but are recyclable and transportable. NaNiCl are 
disadvantaged by the very high temperatures in which they operate, but they 
have very low investment power cost, high recyclability, low maintenance 
and are transportable. 
 
Redox-flow batteries are versatile systems and an interesting option for bulk 
energy storage, but further development is required so that their suitability for 
such applications is demonstrated. They also have a very low power density 
and are not transportable at the moment. However, they have a relatively low 
value for cut-off voltage, which is a positive aspect. Moreover, they have a 
very fast response time, a DOD of 100%, are highly recyclable and have no 
memory effect, which are all attributes of the ZnBr technology as well. ZnBr 
have the lowest critical voltage value and a very small daily self-discharge of 
0-1% and are transportable, yet they have a small lifetime of up to 10 years 
and require frequent maintenance. Zn-air batteries potentially offer high 
gravimetric and volumetric energy density and low materials cost, but they 
suffer from low round-trip efficiencies compared to other battery systems and 
there is no such system available in the market yet. They also have a good 
lifetime of 30 years, a DOD of 100%, small footprint, no memory effect and 
are transportable. They lack in recyclability though. 
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Summarising, Li-ion and Zn-Air batteries with energy densities of 620 
kWh/m3 and 800 kWh/m3 correspondingly seem to be promising 
technologies for advanced battery integration in the built environment. Along 
with these technologies, NaNiCl batteries are also expected to play an 
important role in buildings because of their high cycle lifetime and high peak 
power capability. However, as these technologies have not reached a mature 
stage in terms of their building integration, there is still room for improvement 
of their properties, so as to increase the systems’ efficiencies, lower the 
costs and extend the lifetimes. 
 
Considering the above, in the integration of battery technologies in the built 
environment, different characteristics should be taken into consideration 
depending on the application (i.e. high energy or high power). These 
characteristics can be classified into factors affecting physical integration, 
operational factors, environmental, economic and social factors, as shown in 
Table 3-4.  
 
Table 3-4: Characteristics affecting battery integration in buildings (author’s 
own) 
High energy 
application 
High power 
application 
High energy/high power 
application 
Physical integration Operational Environmental 
• Energy rating 
• Specific energy 
• Energy density 
• Spatial 
requirement 
• Power rating 
• Specific power 
• Power density 
• Spatial 
requirement 
• Round-trip eff. 
• DOD 
• Self-
discharge/day 
• Environmental 
impact 
• Embodied 
energy 
• ESOI 
• Recyclability 
• Cumulative 
energy demand 
Economic Social 
• Investment 
energy cost 
• Cycle-life 
• Investment 
power cost 
• Cycle-life 
• Social acceptability/behaviour 
change 
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For high energy applications the key characteristics concluded from the 
abovementioned analysis that are expected to play a major role in the 
physical integration of the EES systems are energy rating, specific energy, 
energy density and spatial requirement. Likewise, for high power 
applications, EES integration is expected to be affected by the power rating, 
specific power, power density and spatial requirement of the technology. For 
both high energy and high power applications the investment cost, but also 
the operation and maintenance costs are major economic considerations6. 
 
As for the operational factors, the round-trip efficiency, the daily self-
discharge and the DOD will have an impact on the nominal capacity of either 
high energy or high power system and will thus play a role in its sizing. The 
operating temperature would also affect the sizing of a Pb-acid system. 
Other operational factors addressed only in Phase 1 of this study that do not 
play a particular role in battery systems’ physical integration are the critical V, 
discharge time, response time, lifetime and cycle life, recharge time, 
maintenance requirements and memory effect. Similarly, the environmental 
factors addressed only in Phase 1 of this study that could affect batter 
integration in buildings are environmental impact, embodied energy, ESOI, 
recyclability and cumulative energy demand. Last but not least, the social 
acceptability of battery systems, which is associated with a potentially 
required behaviour change, is of major importance in order to achieve 
smooth battery integration. According to Hewitt [147], the socio-economic 
acceptability of the storage system could constitute a challenge in the case 
of integration at community level. 
 
                                            
6 The levelised cost of electricity (LCOE) is also considered a more accurate indication of 
cost over the technology’s lifetime. More details are provided in section 5.2.5. 
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3.4.3 Metal resource availability 
The limited quantity of minerals and resources on Earth along with the world 
metal resource consumption rate has a direct impact on the availability 
regarding the metals used in battery technologies. This is quite likely to affect 
the deployment of certain battery technologies in the long term. 
 
Table 3-5 shows the available time frame of metals associated with battery 
technologies in the future according to their current consumption rates. The 
data presented there are the result of collation and synthesis of data found in 
the U.S. Department of the Interior’s [148] report. Most metal reserves and 
especially those with high substitutability are unlikely to run out over the 
coming decades. As evidenced in Table 3-5, Mg/Sb, Pb-acid, ZnBr and Zn-
Air batteries may be the first to face supply shortage as they contain 
irreplaceable metals. 
 
Table 3-5: World’s metal reserves for battery (data collated and synthesized 
from [148]) 
Metal Battery usage Reserves 
(ktons) 
Yearly 
use 
(ktons) 
Years left 
(current cons. 
rate) 
Antimony Mg/Sb 1,800 169 10.7  
Lead Pb-acid 85,000 4,500 18.9 
Lithium Li-ion 13,000 34 382.4 
Magnesium Mg/Sb N/A 0.78 >1000 
Nickel NiCd, NaNiCl 80,000 1,800 44.5 
Sodium NaS 3,300,000 6,000 550 
Vanadium V-redox 14,000 60 233.3 
Zinc ZnBr, Zn-Air 250,000 12,400 20.2 
* in million m3 
 
However, several factors such as technology improvements, the use of 
alternative materials and the discovery of new reserves can affect minerals’ 
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consumption rates in the future. Hence, their date of depletion is a moving 
target and a battery technology should not be discounted as an option solely 
because of lack of alternatives [97]. In addition, the recycling of the metals is 
expected to play an important role in extending their time frame and in 
mitigating potential environmental impacts. 
 
3.5 Overview of battery installation projects 
UK has recently started actively demonstrating, installing or planning 
electricity storage applications using various technologies, such as pumped 
hydro plants [149], a number of battery types [149, 150], compressed air 
energy storage [151] and liquid air energy storage [149]. The battery 
installations range from domestic systems through community-scale devices 
to grid-scale systems. According to the White Paper on the “State of charge 
of GB” [150] published in November 2013, a capacity of 5.1 MW and 6.4 
MWh was commissioned and an additional 7.2 MW and 13.8 MWh is 
currently either under construction or being planned.  
 
The projects are located at different locations across the UK, as shown in 
Figure 3-9 and Table 3-6. They all provide a better understanding of the 
different storage technologies in different application environments. A 
number of electrical energy storage technologies, such as Pb-acid, Lithium 
chemistries, NaS, NaNiCl and ZnBr flow batteries, have been or are being 
trialed. As can be observed in Table 3-6, there is a diverse range of power 
ratings and storage capacity. The power rating ranges from 1kW to 6MW and 
the battery capacity ranged from 2.2kWh to 10MWh. The DNOs for these 
installations include UK Power Networks (UKPN), Scottish and Southern 
Energy (SSE), Western Power Distribution (WPD), Northern Powegrid (NPg) 
and Scottish Power Energy Networks (SPEN) [150]. A project in the USA, 
named GridSTAR is also included at the end of Table 3-6, as it later formed 
part of the case studies that were investigated in more detail. 
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Figure 3-9: Location of current battery installation projects in the UK (author’s 
own) 
Shetland)islands)
1MW/6MWh'NaS'
SHEPD,'LV'grid'
Northern(Isles(New(Energy(Solu2ons(Project''
Opera/onal'
Orkney)
2MW/800kWh'Li:ion'
SSE'&'Mitsubishi'
“Development(of(Technology(for(Safe,(Low@
cost,(Large@size(BaDery(System”(project(
Opera/onal'
Darlington)
5MWh'+'2x100kW'+'3x50kW'Li:ion'[6'units]'
Northern'Power'Grid'
CLNR(project(
Opera/onal(
Martham,)Norfolk)
200kW/200kWh'Li:ion'
UK'Power'Networks,'ABB'&'EDF'
11'kV'substaPon'
Smarter(Network(Storage(@(The(
Hemsby(project(
Opera/onal(
Bristol)
4.8'kWh'in'each'home':'30'homes'Pb:acid'
18.4'kWh'in'schools'Pb:acid,'LV'grid'
WPD,'SoLa(BRISTOL(project(
Opera/onal(
Slough)
3'x'25'kWh'Li:ion,'LV(grid'
SSE,'Zero(Carbon(Homes(project(
Opera/onal(
Leighton)Buzzard,)Bedfordshire)
6MW/10MWh'Li:ion'
UK'Power'Networks,'S&C'Electric,'Samsung'
&'Younicos'
Primary'substaPon'
The(Leighton(Buzzard(project(
Announced)@)to)be)commissioned)in)2016'
UK'baYery'storage'installaPon'sites'
Isle)of)Gigha)
250kW/1.2MWh'V:Redox,'
SPEN,'RETD,'EA'Technology(
11'kV'Network'
Announced(
Isle)of)Wight'
SSE,'Ecoisland'Partnership'CIC'
Announced/frozen'
Milton)Keynes)
5'x'100'KWh'NaNiCl'
WPD'&'GE'
11'kV'Network,'200'substaPons'
FALCON(project(
Opera/onal(
Lleyn)Peninsula)@)Island)retreat)
Eco:environments'Ltd.'
Opera/onal(
Newbury)
1kW/2.2kWh'Pb:acid,'
PassivBelows(project(
Opera/onal(
BeMws)
4.5kW/18.5kWh'Pb:acid,'
WSA,(Retroﬁt(House(3,(Solcer(project(
Opera/onal(
Caerphilly)
3.9kW/42kWh'Pb:acid,'
SSE,(Maes(Yr(Onn(house(
Opera/onal(
Nairn)
100kW/150kWh'ZnBr'
SSE'
Decommissioned'
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 Table 3-6: The present status of battery installation projects in the UK (author’s own) 
Project nam
e 
Battery 
tech. 
Power output 
Capacity 
Location 
Developm
ent 
stage 
DNO 
Ref. 
The Sm
arter Network 
Storage (SNS)/The 
Leighton Buzzard Project 
Li-M
g 
6 M
W
 
10 M
W
h 
Bedfordshire 
under construction 
UKPN* 
[152-154] 
"Developm
ent of 
Technology for Safe, 
Low-cost, Large-size 
Battery System
" project 
Li-ion 
2 M
W
 
800 kW
h 
Orkney, Scotland 
com
m
issioned 
SHEPD* 
[155, 156] 
Custom
er-Led Network 
Revolution (CLNR) 
Li-ion 
200 kW
 
200 kW
h 
Hem
sby, Norfolk 
com
m
issioned 
UKPN 
[157, 158] 
Northern Isles New 
Energy Solutions (NINES) 
Pb-acid 
1 M
W
 
3M
W
h 
Shetland 
under construction 
SHEPD 
[159, 160] 
NaS 
1M
W
 
6 M
W
h 
Shetland 
decom
m
issioned 
SHEPD 
Custom
er-Led Network 
Revolution (CLNR) 
Li-ion 
2.5 M
W
 
5M
W
h 
Darlington 
com
m
issioned 
NPg* 
[161-163] 
” 
2 x 100 kW
 
2x 200 kW
h 
Darlington 
com
m
issioned 
NPg 
” 
3 x 50 kW
 
3x 100 kW
h 
Darlington 
com
m
issioned 
NPg 
” 
50 kW
 
100 kW
h 
M
altby 
com
m
issioned 
NPg 
” 
100 kW
 
200kW
h 
W
ooler 
com
m
issioned 
NPg 
” 
50 kW
 
100 kW
h 
com
m
issioned 
NPg 
Flexible Approaches to 
Low Carbon Networks 
(FALCON) 
NaNiCl 
5 x 50 kW
 
5 x 100 kW
h 
M
ilton Keynes 
com
m
issioned 
W
PD* 
[164-166] 
Isle of Gigha 
V-Redox 
250 kW
 
1.2 M
W
h 
Isle of Gigha 
announced 
SPEN* 
[167-169] 
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 Buildings, Renewables 
and Integrated Storage, 
with Tariffs to Overcom
e 
network Lim
itations (SoLa 
BRISTOL) 
Pb-acid 
90 kW
 
(com
m
issioned: 
6 kW
) 
321 kW
h 
(com
m
issioned: 14.4 
kW
h. 4.8kW
h in each 
hom
e, 30 hom
es, 
18.4 in schools) 
Bristol 
com
m
issioned 
W
PD 
[170-174] 
Zero Carbon Hom
es - LV 
Network Connected 
Energy Storage 
Li-ion 
3x 25 kW
 
3x 25 kW
h 
Chalvey, Slough 
com
m
issioned 
SSE* 
[175] 
Nairn 
ZnBr 
100 kW
 
150 kW
h 
Nairn 
decom
m
issioned 
SSE 
[176-178] 
Grid Connected Energy 
Storage Research 
Dem
onstration project 
Li-ion 
2 M
W
 
1 M
W
h 
W
illenhall 
planned 
W
PD 
[179, 180] 
Island retreat 
N/A 
N/A, residential scale 
Lleyn Peninsula, 
W
ales 
com
m
issioned 
N/A 
[181] 
Isle of W
ight 
N/A 
N/A, residential scale 
Isle of W
ight 
Announced/frozen 
SSE 
[182] 
M
aes Yr Onn project 
Pb-acid 
3.9 kW
 
42 kW
h 
Caerphilly, W
ales 
com
m
issioned 
SSE 
[183] 
Retrofit house 3 – Sm
art 
Operation of Low Carbon 
Energy Regions (Solcer) 
Pb-acid 
4.5 kW
 
18.5 kW
h 
Bettws, W
ales 
com
m
issioned 
N/A 
[184] 
PassivBelows 
Pb-acid 
1 kW
 
2.2 kW
h 
Newbury 
com
m
issioned 
N/A 
[185] 
USA 
GridSTAR 
Li-ion 
6 kW
 
11.7 kW
h 
Philadelphia, USA 
com
m
issioned 
N/A 
[186] 
Li-ion 
125 kW
 
66 kW
h 
Philadelphia, USA 
com
m
issioned 
N/A 
[186, 187] 
 * UKPN: UK Power Neworks, SHEPD: Scottish Hydro-Electric Power Distribution, NPg: Scottish Hydro-Electric Power Distribution, W
PD: 
W
estern Power Distribution, SPEN: Scottish Power Energy Networks,SSE: Scottish and Southern Energy Power Distribution 
Note: The highlighted rows have been thoroughly analysed below. 
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Below follows the description of the highlighted projects in Table 3-6 along 
with important information regarding the architectural integration of the 
batteries and their contribution in energy use where available. The 
discussion also reflects current practices. 
3.5.1 SoLa Bristol 
The project aim is to address the technical constraints that DNOs expect to 
arise on Low Voltage networks as a result of the increased adoption of solar 
PV [170]. More specifically, the project aims to address the following four 
points: to solve the network problems that occur when a number of 
customers in a neighbourhood connect solar PV panels to their house, to 
explore how customers can be benefitted by a battery installation in their 
properties by managing their energy use and having reduced energy bills, to 
test customers’ response when offered various electricity tariffs during the 
day, as well as to investigate whether DC is more beneficial over the 
traditional AC [170]. 
 
Valve regulated lead acid (VRLA) battery technology of gel type is installed in 
thirty homes, five schools and one office – all owned by the Bristol City 
Council [170]. This technology was chosen on the grounds that it is 
maintenance free, it has an appropriate lifetime with high depth of discharge 
and it has a relatively fast discharge rate [171]. A capacity of 4.8 kWh of 
battery storage is installed in the homes and a capacity of up to 22.5 kWh is 
installed in the schools and the office. The PV installations vary from site to 
site depending on the available roof area for solar panels, their make, model, 
efficiency, inclination and orientation. For example, the residential PV 
installations range from 1.5 kWp to 2 kWp, while one typical school PV 
system has an installed capacity of 8.9 kWp [170]. The electricity generated 
by the PV on the roof of the houses is stored locally in the batteries, instead 
of being exported to the grid. This allows customers to make the best use of 
their own generation. In addition, if the excess energy by the PV is stored 
within the home, the impact of solar PV on the distribution network is 
reduced, preventing conventional network reinforcement [188]. The battery is 
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“shared” between the customer and the DNO. The customer is provided with 
a variable tariff, so as to be encouraged to shift his/her electricity consuming 
activities when the PV generation is high as well as to use the stored 
electricity in the battery when the network is heavily loaded. The DNO is able 
to ‘communicate’ with the battery to charge it and discharge it to support the 
network [170]. 
 
The system diagram for the domestic solution is shown in Figure 3-10. 
 
 
 
Figure 3-10: SoLa Bristol domestic solution and substation diagram [171] 
 
As regards the location of the battery installation, the lofts of the houses were 
identified as appropriate to house the equipment [170]. A typical battery 
installation is presented in Figure 3-11. The batteries are located in an 
enclosure, as shown in Figure 3-12, and this location would ensure that the 
occupants wouldn’t interfere with the equipment unintentionally or 
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accidentally. Moreover, the living space and its unimpeded use would remain 
unaffected. The project team, also considered the option of placing the 
battery system outdoors, but this was not pursued due to security issues and 
to avoid the need for a potentially large weatherproof structure [170]. As for 
the schools and the office, the battery system and the control cabinets are 
located outdoors. 
 
 
Figure 3-11: Battery installation in a SoLa Bristol domestic property 
 
 
Figure 3-12: The SoLa Bristol domestic battery enclosure [172] 
 
Benefits for both customers and DNOs are to be demonstrated through this 
project. Benefits for customers include improved energy efficiency through 
the use of DC equipment, lower energy bills through a better control of 
energy use, the continuous operation of the lights in case of power outages, 
as well as quicker and cheaper connections [188]. As for the benefits for the 
Commercial Installs:  All schools have now had the 
equipment installed and commissioned. There were some 
issues with system     conﬁguraƟon, and some technical 
issues with light   switches etc. These have been resolved, 
and data is ﬂowing into the project for analysis. We are 
very thankful for the parƟcipaƟng schools under-
standing and conƟnued support. 
 
DomesƟc Installs:  All homes except one now have the 
equipment installed. There are 4 leŌ to commission and 
switch on, and these are due for compleƟon in October. 
We would like to thank all parƟcipants’ for their           
conƟnued support with access to their homes. 
Most homes have their tablets issued, and although there 
are sƟll some issues with the data, we are working hard to 
get these funcƟoning properly. Knowle West Media Centre 
will conƟnue to work with parƟcipants and keep them in-
formed of progress. 
Sub StaƟon Installs:  All the monitoring equipment is 
now installed in the   local sub-staƟons. This is now cap-
turing all the required data to analyse how your local 
electricity network is performing. 
What’s next?  The University of Bath is beginning assess 
the data from all homes and schools to make sure that the 
system is performing in the most eﬃcient way.  
NewsleƩer: October 2014 
Useful contact informaƟon: 
Knowle West media Centre: 0117 903 0444 
Repairs: Telephone 0117 922 2200 (OpƟon One) Monday to Friday, 8.30am to 6pm.  repairorders@bristol.gov.uk   
Emergency  out of hours contact: Telephone: 0117 922 2050 
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power demand can be supplemented from the stored capacity. 
Power for essential services can be maintained during utility 
disturbances. 
All the DC load side related data collected is considered 
sensitive in nature as it can reveal an individual's energy 
usage patterns and behaviour in general. This data is therefore 
processed to derive utility valuable information and is heavily 
encrypted prior to being communicated with outside facilities.  
Figure 5 shows the principal power related switchgear 
system consisting of (1) the combined inverter-charger, (2) 
the DC-DC charge controller, (3) twin PV input strings 
operating at greater than 300Vdc (4) protection and control 
switch gear with DC Bus, (5) Inverte -charger cable, (6) AC 
mains in-out cable and (7) battery bank isolation handles. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5     System switchgear 
 
This intelligent, distributed, linked system provides 
tripartite b nefits, to the DNO, to the User and to th  Grid. 
From the DNO prospective, it provides the peak time load 
shifting, time based ta iffing, effective integration of 
distributed PV generation and local storage. 
From User prospective, better light quality, better 
utilisation of PV generated DC power, reduced bills and the 
visibility of energy usage statistics and to some extent, 
reduced reliance on the availability of the AC mains grid. 
From the Grid prospective, controlled integration of 
distributed micro generators and local storage sites effectively 
reduce the overall transmission energy loss, as more of the 
locally generated power is utilised locally. 
The environmental benefits related to CO2 reduction are a 
positive contribution through use of this system. 
IV. DISTRIBUTED GENERATION. 
Conventional PV installations primarily are intended to 
export all of the available PV DC output to the AC grid at the 
moment of generation, without intermediate se or storage of 
the power. This approach, though seemingly efficient, from 
DC-AC conversion view point, has shown to influence the 
power quality of the network by introducing voltage swells [3] 
and the potential for reverse flow in the distribution network 
under high densities of clustered installations during periods 
of high solar irradiance, when connected to a single feeder. 
This system offers the potential to avoid such scenarios 
through communications with the utility sub-station 
equipment and the local storage on site. Peaks in the PV 
output can be stored on site for either later use or export to 
the network when desirable for the network. 
V. THE BATTERY. 
The primary storage system used Valve Regulated Lead 
Acid (VRLA) batteries, for the reasons of lower initial capital 
investment and post installation lower maintenance costs in 
the domestic environment. 
 Four 12V 100 Ah VRLA batteries were used providing the 
24V supply with a capacity of 200Ah. 
Considering the fact that PV power generation has both 
seasonal, day-to-day and time of day variations, there are 
considerable variation on the PV side charging opportunities. 
With this in view, four seasonal profiles were proposed for 
basic charging regimes. The control system also has the 
capability o provide top-up charging during off-peak periods 
to ensure that a “high” level of charge is available for peak 
load periods.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7  The Battery Enclosure 
 
The battery is provided for use by both the User and the 
DNO. The two possible ways of sharing the battery storage 
capability between the User and the DNO is either to use 
capacity based splitting or physical bank splitting. 
In this system, capacity based battery splitting method has 
been deployed in order to reduce the complexity of the 
charge-discharge path and the battery bank switching 
hardware. Figure 7 shows the battery enclosure. The battery 
capacity management is part of the overall system 
performance management. 
Present installation primarily uses natural convection 
cooling method. Additional forced cooling option is also 
under consideration. 
VI. COMBINED INVERTER CHAGRER. 
A bidirectional combined inverter and charger [3] has been 
chosen to export power to the grid and to provide top-up 
6  1 2 3 4 5 7
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DNOs, the project explores the potential reduction of power quality issues, it 
tests the demand response possibility by customers and it generally provides 
better use of existing distribution assets among others [188]. 
 
3.5.2 Zero Carbon Homes - Slough 
Three 25kW/25kWh Li-ion batteries connected to the Low Voltage network 
were installed by SSE in 2013 to power a development of 10 homes in 
Slough [175]. The three units will help explore the capability of mitigating the 
effects of potential load increases, as well as the consequences from the 
deployment of low carbon technologies in buildings. The objectives of the 
project are to prove that the storage devices can operate as intended on a 
LV network in the UK providing tangible benefits, to inform the safety case 
and the operational procedures, as well as to inform decisions with regard to 
the physical location of the batteries considering public perception and 
acceptance among others [175]. The layout of the dwellings, which achieve 
Code for Sustainable Homes Level 6, is shown in Figure 3-13.  
 
 
Figure 3-13: The layout of the dwellings in the Zero Carbon Homes project in 
Chalvey, Slough [189]  
 
The homes were completed in summer 2010 and occupied in September 
2010 [190]. The south-facing roofs of the homes have been covered with 
solar PV tiles, totalling a solar installed capacity of 63 kWp. This capacity 
Low voltage connected battery project 
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provides enough renewable electricity to achieve net zero carbon emissions 
in each of the homes. Excess electricity is sold back to the National Grid 
[190]. 
 
 
Figure 3-14: Low voltage connected battery in Slough [189] 
 
The graph in Figure 3-15 illustrates the system performance over a 24-hour 
period with a 10kW maximum demand limit set at the substation. This means 
that if demand increases above 10kW the battery will discharge to meet this 
target.  The red line on the graph shows what the demand would be if the 
battery was not used and the blue line shows the actual demand with the 
battery support measured at the substation over the 24 hours. The green line 
showing the battery operation denotes charging of the battery if it has a 
positive value and discharge if it has a negative value. It is clear that the 
peak demand has been reduced significantly at two periods throughout the 
day with the battery discharging. Conversely at times of lower demand, i.e. 
between 6pm and 3am the battery (green line) has charged at a rate equal to 
10kW minus the real time demand. The graph in Figure 3-16 is another 
example of successful peak shaving over a 24-hour period. The substation 
demand limit has been set at 9kW on phase B. When demand picks up in the 
Low voltage connected battery  
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morning before 9am as expected the Community Energy Storage (CES) unit 
begins to discharge at irregular intervals to keep the substation within the 
9kW limit. As demand reduces the battery starts to charge up to the 9kW 
limit and hence be ready to discharge for the following 24-hour period. 
 
Figure 3-15: Substation power flow demonstrating phase A peak shaving (10 
kW demand limit) [175] 
 
SEPD LCNF Tier 1 Closedown Report
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Figure 28 – Substation power flow demonstrating phase A peak shaving (10kW demand limit)
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Figure 3-16: Substation power flow demonstrating peak shaving on phase B 
(9 kW demand limit) [175] 
3.5.3 Maes Yr Onn house 
The Maes Yr Onn house in Caerphilly is a new built off-grid farmhouse which 
was completed in June 2013. The project is an exemplar sustainable 
dwelling and the WSA was involved in the energy monitoring of the house. It 
is running off-grid, having a 3.9kW/42kWh Pb-acid battery installed and a 
small diesel generator [191]. It also features an installation of 21 solar PV 
panels on the south facing roof pitch, with an installed capacity of 3.88kWp. 
The system provides general power throughout the day and any surplus that 
is not used is stored in an off grid battery bank and drawn on in hours of 
darkness. Should the battery charge drop below 40%, the diesel generator 
takes over to provide the necessary power [192]. The battery installation and 
the electrical energy use in Maes Yr Onn house is depicted in Figure 3-17 
and Figure 3-18 respectively. In Figure 3-18 it is apparent that the battery 
charging (in purple) coincides with the PV generation (in yellow) and also 
that the diesel generator (in red line) starts operating when the PV 
generation (in yellow) is poor. 
SEPD LCNF Tier 1 Closedown Report
SSET1008 Low Voltage Connected Energy Storage
56
© Southern Electric Power Distribution 2014
Figure 29 – Substation power flow demonstrating peak shaving on phase B (9kW demand limit)
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Figure 3-17: Battery installation in Maes Yr Onn house, Wales 
 
 
Figure 3-18: Battery operation and electrical energy use – sample days in 
February 2014 
 
Commercial  Installs:    All  schools  have  now  had  the  
equipment  installed  and  commissioned.  There  were  some  
issues  with  system          conﬁguraƟon,  and  some  technical  
issues  with  light      switches  etc.  These  have  been  resolved,  
and  data  is  ﬂowing  into  the  project  for  analysis.  We  are  
very  thankful  for  the  parƟcipaƟng  schools  under-­‐
standing  and  conƟnued  support. 
 
DomesƟc  Installs:    All   homes   except   one  now  have   the  
equipment   installed.   There   are   4   leŌ   to   commission   and  
switch  on,  and  these  are  due  for  compleƟon  in  October. 
We   would   like   to   thank   all   parƟcipants’   for   their                      
conƟnued  support  with  access  to  their  homes. 
Most  homes  have  their  tablets  issued,  and  although  there  
are  sƟll  some  issues  with  the  data,  we  are  working  hard  to  
get  these  funcƟoning  properly.  Knowle  West  Media  Centre  
will  conƟnue  to  work  with  parƟcipants  and  keep  them  in-­‐
formed  of  progress. 
Sub  StaƟon  Installs:    All  the  monitoring  equipment  is  
now  installed  in  the      local  sub-staƟons.  This  is  now  cap-­‐
turing  all  the  required  data  to  analyse  how  your  local  
electricity  network  is  performing. 
What’s  next?    The  University  of  Bath  is  beginning  assess  
the  data  from  all  homes  and  schools  to  make  sure  that  the  
system  is  performing  in  the  most  eﬃcient  way.   
NewsleƩer:  October  2014 
Useful  contact  informaƟon: 
Knowle  West  media  Centre:  0117  903  0444 
Repairs:  Telephone  0117  922  2200  (OpƟon  One)  Monday  to  Friday,  8.30am  to  6pm.    repairorders@bristol.gov.uk    
Emergency    out  of  hours  contact:  Telephone:  0117  922  2050 
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3.5.4. Retrofit house 3 – Smart Operation of Low Carbon Energy Regions 
(Solcer) 
This house is located in Bettws, Wales and was retrofitted as part of the 
WSA Solcer project. Five houses were retrofitted in Solcer, but only three 
were finished at the time of this research. The systems installed in all houses 
are similar, yet the system in house 3 proved to be the most reliable at the 
time this research was undertaken, which is why this study considered only 
the installation in this house. After the retrofit, house 3 featured a 
4.5kW/18.5kWh Pb-acid battery along with a 5kWp roof-integrated PV array 
[184]. It is a 3-bedroom 2-storey semi-detached house and the battery was 
designed to supply the whole house. Any excess power generated from the 
PV is used for domestic hot water supply and space heating in the winter or 
otherwise it is exported to the grid. An exterior view of the house and the 
battery enclosure are shown in Figure 3-19. 
 
Figure 3-19: House and battery enclosure of Solcer’s retrofit house 3 
 
3.5.5 PassivBelows 
The PassivBelows project included the installation of a 1kW/2.2kWh Pb-acid 
battery of gel type in a domestic property in Newbury. The battery is 
connected to a 4kW PV array on the roof and only powers a DC network for 
lighting in the house [193]. The installed power for the LED lighting according 
to measured data for 30 days was 316W and the observed peak was 138W, 
while the average power was 16.3W. The maximum daily energy usage was 
0.59kWh and the average one was 0.43 [193]. These data correspond to a 
ENERGY OPTIMIZATION PREDICTION f THE SOLCER 
RETROFIT PROPERTIES
Dr. Xiaojun Li
Welsh School of Architecture
Cardiff University
Feb. 2015
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total floor area of about 250m2. The battery system is located in the garage 
and the battery is placed on the floor, while the rest of the components, such 
as the controls and the inverter are mounted on the wall. The battery 
installation in the Newbury house is presented in Figure 3-20. 
 
Figure 3-20: Battery installation in Newbury house 
 
3.5.6 GridSTAR project, Philadelphia, US 
The commissioning of the GridSTAR project in Philadelphia, US, aligned 
perfectly with the work plan of this thesis, occurring right after the review of 
the technologies had taken place in the first part of Phase 1 (Chapter 2). The 
author was given the opportunity, through her own initiative, to investigate 
these two battery installations. Therefore, by considering this project, this 
study could address international context, which included both a residential 
and a community energy storage installation. The installation includes two 
different battery systems; a high-energy system, included in a smart grid 
demonstration home and a high-power system helping to improve the quality 
and reliability of the electric grid. The net zero energy home (NZEH) is an all-
electric demonstration home, located in Philadelphia’s Navy Yard, US. The 
home, shown in Figure 3-21, is equipped with a 3.5kW PV integrated solar 
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rooftop shingles and a 6kW/11.7kWh Li-ion battery [186]. Energy can be 
stored in the battery either from the rooftop solar shingles or from the grid. 
The battery is charged and discharged by Direct Current (DC) power, while 
power supplied by the grid is Alternating Current (AC). Thus, an inverter 
needs to be used to charge/ discharge the battery. The battery is located in 
an enclosure, as shown in Figure 3-22 and can be used for demand 
response purposes, such as peak shifting and peak shaving, and also 
voltage support, frequency regulation and UPS services. 
	
Figure 3-21: The net zero energy home in the Navy Yard, Philadelphia, US 
(author’s own) 
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Figure 3-22: Exterior and interior view of the SIS unit, Philadelphia, US 
(author’s own) 
 
A 125kW/66kWh high power Li-ion battery system shown in Figure 3-23 was 
also installed in Philadelphia’s Navy Yard, US, close to the NZEH described 
above [186]. This facility is a testing ground for microgrids and it is intended 
to demonstrate how a utility could call on storage to provide power balancing 
and backup power services. The applications it serves include peak shaving, 
frequency regulation and PV smoothing [187]. 
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Figure 3-23: The high-power Li-ion battery system in the Navy Yard, 
Philadelphia, US 
 
3.6 Data collection 
The quantitative information collected from the case studies is included in 
Table 3-7. Regarding the physical data, the author took measurements from 
the batteries and their enclosures. The cost as well as the information 
presented later in this section was sourced through the semi-structured 
interviews held with the managers, the engineers, the PIs and the occupants 
of each house or through e-mail communication with the manufacturer of the 
system and research staff who were involved in the projects. A comparison 
between the information collected from the case studies and the values 
presented in Table 3-2 is included in Table 3-8. The qualitative information 
collated and synthesized from the case studies is provided in Table 3-9. 
Inconsistencies and opportunities are discussed further down in this section. 
63 
 
Table 3-7: Inform
ation collected and synthesized from
 the case studies 
 
Battery 
tech. 
Capacity 
kW
h 
Power 
kW
 
Battery 
size 
m
 
L, 
W
, 
H 
Battery 
footprint 
m
2 
Battery 
volum
e 
m
3 
W
eight 
kg 
Specific 
energy 
W
h/kg 
Energy 
density 
kW
h/m
3 
Spatial 
requirem
ent 
m
2/kW
h 
Footprint of 
enclosure/ 
room
 m
2**** 
System
 
invest. 
cost 
Battery 
invest. 
cost 
Battery 
invest. 
cost £/kW
h 
Battery 
invest. cost 
€/kW
h*** 
Ref. 
SoLa BRISTOL, 
UK 
Pb-acid 
4.8 
2 
0.78, 
0.52, 
0.37 
0.3978 
0.147 
176 
27.3 
32.6 
0.083 
N/A/6.7 
N/A 
£600 
125 
150 
[194] 
ZCH 
Slough, UK 
Li-ion 
75 
75 
0.80, 
0.45, 
0.45 
x3* 
0.6075 
0.162 
151 
165.6 
154.3 
0.008 
N/A/45 
£284,500 £144,000 
1,920 
2,300 
[195] 
PassivBelows, 
Newbury, UK 
Pb-acid 
2.2 
1 
0.52, 
0.30, 
0.30 
0.156 
0.047 
52 
42.3 
47.0 
0.071 
N/A/1.08 
£600 
£200 
91 
109 
[193] 
NZEH, 
PA, USA 
Li-ion 
11.7 
6 
0.50, 
0.31, 
0.73 
0.155 
0.113 
92 
127.2 
103.4 
0.013 
0.22/0.88 
$23,000 
$8,000 
684 
821 
[196, 
197] 
GridStar** 
PA, USA 
Li-ion 
66 
125 
0.90, 
0.90, 
1.80 
0.81 
1.458 
182 
686.8* 
85.7* 
0.012 
15.6/39.2 
$250,000-
$300,000 £63,500 
508* 
610* 
[187, 
196, 
197] 
M
aes Yr Onn, 
Caerphilly, UK 
Pb-acid 
42 
3.9 
2.20, 
1.10, 
0.35 
2.42 
0.847 
1,040 
40.4 
49.6 
0.058 
3.6/N/A 
£55,000 
N/A 
152 
182 
[191] 
H3_Retrofit, 
W
ales, UK 
Pb-acid 
18.5 
4.5 
1.50, 
0.70, 
0.30 
1.05 
0.315 
420 
44.0 
58.7 
0.057 
2.6/4.4 
£11,808 
N/A 
N/A 
N/A 
[198] 
*The ZCH project consists of 3 battery units and these dim
ensions refer to one of these units, so for the full capacity (75kW
h) these values need to be m
ultiplied by 3. 
**The GridStar project concerns a high power battery application, so the values included in the cells “specific energy”, “energy density” and “investm
ent cost £/kW
h (or €/kW
h)” 
refer to specific power (W
/kg), power density (kW
/m
3) and investm
ent cost £/kW
 (or €/kW
) instead. 
***The currency conversion was perform
ed using the equivalent exchange rate for the year when the batteries were purchased, i.e. for 2013-14 1GBP=1.2EUR, 
1USD=0.62GBP, for 2015 1GBP=1.4EUR 
****The enclosure is the container of the battery system
 and applies to the NZEH, GridStar and H3_Retrofit, while the room
 contains the enclosure where applicable and also 
the space around the system
 that should be allowed for circulation and m
aintenance. The room
 is also referred to in the m
anufacturers’ data sheets as clearance requirem
ents. 
L,W
,H is short for Length, W
idth, Height. Grey colour indicates the characteristics that were included in the com
parison in Table 3-8. 
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Table 3-8: Com
parison of the inform
ation from
 the case studies against the values in Table 3-2 
(Graphs are presented in Appendix A) 
 
Battery 
tech. 
Energy 
rating kW
h 
Power 
rating kW
 
Specific energy 
W
h/kg 
Energy density 
kW
h/m
3 
Spatial requirem
ent 
m
2/kW
h 
Battery invest. cost 
€/kW
h 
From
 
CS 
From
 
Table 3-2 From
 
CS 
From
 
Table 3-2 
From
 
CS 
From
 
Table 3-2 
From
 
CS 
From
 
Table 3-2 
From
 
CS 
From
 
Table 3-2 
From
 
CS 
From
 
Table 3-2 
SoLa 
BRISTOL, UK Pb-acid 
4.8 
1-10
5 
2 
Not appl. 
27.3 
30-50 
32.6 
40-80 
0.083 
0.074-0.22 
150 
50-300 
ZCH 
Slough, UK 
Li-ion 
75 
10
-2-10
5 
75 
Not appl. 
165.6 
100-250 
154.3 
140-630 
0.008 
0.005-0.013 
2,300 
200-1,800 
PassivBelows, 
Newbury, UK 
Pb-acid 
2.2 
1-10
5 
1 
Not appl. 
42.3 
30-50 
47.0 
40-80 
0.071 
0.074-0.22 
109 
50-300 
NZEH, 
PA, USA 
Li-ion 
11.7 
10
-2-10
5 
6 
Not appl. 
127.2 
100-250 
103.4 
140-630 
0.013 
0.005-0.013 
821 
200-1,800 
GridStar* 
PA, USA 
Li-ion 
66 
Not appl. 125 
10
2-10
4 
686.8* 230-340* 
85.7* 
1,300-
10,000* 
0.012 
0.005-0.013 
610* 
700-3,000* 
M
aes Yr Onn, 
Caerphilly, UK Pb-acid 
42 
1-10
5 
3.9 
Not appl. 
40.4 
30-50 
49.6 
40-80 
0.058 
0.074-0.22 
182 
50-300 
H3_Retrofit, 
W
ales, UK 
Pb-acid 
18.5 
1-10
5 
4.5 
Not appl. 
44.0 
30-50 
58.7 
40-80 
0.057 
0.074-0.22 
N/A 
50-300 
 *The GridStar project concerns a high power battery application, so the values included in the cells “specific energy”, “energy density” and “investm
ent cost 
£/kW
h (or €/kW
h)” refer to specific power (W
/kg), power density (kW
/m
3) and investm
ent cost £/kW
 (or €/kW
) instead. 
Black diagonal hatch indicates values that do not coincide with values in Table 8. 
“Not appl.” m
eans “not applicable”. This is because in high energy applications the power rating is not applicable and in high power applications the energy 
rating is not applicable. 
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Table 3-9: Qualitative aspects of the battery installations in the case studies 
 Battery tech. 
Battery 
location Ventilation Noise 
Bahaviour 
change 
SoLa BRISTOL, 
UK Pb-acid Loft 
Natural ventilation 
through vents, 
cooling through 
natural convection 
Low Low 
ZCH 
Slough, UK Li-ion 
Outdoors/ 
designated 
space 
No Low None 
PassivBelows, 
Newbury, UK Pb-acid 
Garage/ 
storage room Natural ventilation No None 
NZEH, 
PA, USA Li-ion 
Plant/ 
services room No No None 
GridStar* 
PA, USA Li-ion 
In a container 
outdoors 
Fan assisted/ 
vents on two 
adjacent sides 
N/A N/A 
Maes Yr Onn, 
Caerphilly, UK Pb-acid 
Plant/ 
services room Natural ventilation No Low 
H3_Retrofit, 
Wales, UK Pb-acid 
In a container 
outdoors/ 
garden 
Natural ventilation N/A N/A 
 
3.7 Discussion 
In SoLa Bristol all the values seem to fit in well with the values in Table 3-2 
except for the specific energy, which is slightly lower. Thus, Table 3-2 was 
updated on that, broadening the range considered in this study. 
Unfortunately the investment cost for the whole system was not available. It 
was also advised that there was no real definite cost that would be actually 
meaningful, as the equipment was bespoke and designed and built to order. 
In addition, the R&D elements distort the per unit costs dramatically and as 
the system is at early development stages at the moment predicting a future 
commercial cost for this type of system is not possible [194]. The prototype 
domestic battery unit was initially installed in a purpose-built show home in 
Bristol, called “Ecohome”. The battery system in the Ecohome was located at 
the top floor in a small room of about 6.7m2, which resembled the loft area 
where the batteries were installed in the 30 homes. By considering only the 
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battery operational temperature, it was reported that in-building installations 
are a better proposition due to the appropriate temperatures within buildings. 
Operational temperatures of the conventional Pb-acid batteries of 20-25°C 
are closer to the inhabitable temperatures for optimum performance. 
Contrary to this, from the view point of equipment with power stages within 
them, that generate heat during operation, on-average lower ambient 
temperatures are preferred, such as those found outdoors. Loft space was 
found to be the acceptable compromise with all aspects considered [170]. 
The batteries were loft-floor mounted on reinforced rafters, and in order to 
ensure that the weight of the battery has been sufficiently spread over the loft 
space, Bristol City Council asked for the existing trusses to be cross-
beamed. The concept behind this plan was to spread the load to a greater 
extent. The installation would then sit on top of an appropriate spreading 
board (plywood/chipboard). This process of unexpected loft space rafter 
strengthening and ‘equipment lifting’ through the access hatch resulted in 
delaying the installation.  
The homes benefit from DC lighting, providing the opportunity of time of day 
load shifting. DC device charging sockets are also provided at USB voltage 
levels. This configuration was designed to utilise PV output to support the DC 
loads during PV output periods and simultaneously charge the batteries for 
later use. Any surplus energy could then be exported to the AC grid. When 
the author visited the Ecohome and the storage room, there was a very 
subtle noise from the storage unit; however it was not noticeable until it 
stopped due to processes occurring within it. So there was hardly any noise 
impact and considering that the unit would be located in the loft of the 
houses, it would be further isolated and thus no noise would be noticeable 
through the ceiling. The lofts were already provided with vents on the roof 
and,	as the batteries had a lot of space around them, it was reported that no 
additional ventilation was needed. In addition, the installation primarily used 
natural convection as a cooling method, but additional forced cooling was 
also under consideration at that time. 
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Regarding behavioural aspects, the occupants of the test homes reported 
that they have changed their energy behaviour since the project begun. For 
example, some now try to do laundry during the day, while they used to do it 
in the evening. In another instance, the daughter asked if she is allowed to 
switch the light on. Most of the homes reported that they were interested in 
seeing how much energy they were generating and how this was translated 
into savings. A number of occupants also confirmed that in the case of a 
power cut, if a future system could help keep other appliances ‘online’ it 
would be useful. 
In ZCH the dimensions of each of the three batteries is given under battery 
size. The cost of the whole system was £284,000 and the cost of the 
batteries alone was £195,000. This is purely a cost for the equipment and 
does not include connection, communications and integration. This equals to 
2,300€/kWh and is outside the range of 200-1,800€/kWh presented in Table 
3-2 After the author discussed about this inconsistency with the project 
manager, she was assured that the batteries were purchased in 2011 and 
this value was top of the range at that time. However, costs have dropped 
significantly since. Apart from the battery cost, the rest of the data aligned 
with those in Table 3-2 Moreover, the battery room that was required for this 
installation was about 45m2. The battery room, the batteries and the rest of 
the components are shown in Figure 3-24. The site includes 3 community 
energy storage (CES) units, 3 transformers and a distribution cabinet. The 
CES units comprise an above ground Power Conversion System (PCS) and 
a below ground 25kW/25kWh battery unit. This location was identified as a 
site with established solar generation and electric vehicle charging points, so 
it offered the chance to test the battery units in conjunction with these and 
other low carbon technologies. In addition, data from the batteries’ operation 
could be collected through monitoring equipment that had already been 
installed in the nearby distribution substation for another project, without 
requiring the installation of further monitoring equipment. Moreover, the 
batteries are in a sealed unit, which sits within a fiberglass vault. 
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Figure 3-24: Energy storage compound including 3 CES units, 3 transformers 
and a LV distribution cabinet in background 
 
The underground vault has significant advantages with regard to temperature 
regulation and fire control; however, it generally requires a mini crane with 
high costs and physical space to replace modules on the battery. As for 
ventilation, the vault is not hermetically sealed and neither specifically vented 
[195]. This means that there is some airflow, but this is not required to cool 
the batteries during operation. The batteries are however limited by cell 
temperatures, which roughly dictates that they cannot perform more than 2 
full charge and discharge cycles without a period to cool down [195]. It was 
also reported that ventilation was never an issue for SSE during normal 
operation [195] and that the Li-ion batteries don’t require ventilation except in 
the case of a catastrophic failure [199]. Then they vent out through the 
specially designed valve at the top of the battery enclosure [199].  
  
The metal fence around the compound also provides the necessary safety 
for the CES compound. In terms of social acceptance, there have been no 
SEPD LCNF Tier 1 Closedown Report
SSET1008 Low Voltage Connected Energy Storage
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© Southern Electric Power Distribution 2014
Figure 4 - Finished site - 3 CES units and auxiliary transformers
The units are designed for implementation in North America and have a split phase output of 120V 
per line with a centre tapped earth; therefore an auxiliary transformer was required at Chalvey 
(procured and commissioned by SEPD) to increase the voltage to 230V with a neutral leg.
One of the key aims of the installation was to inform the procurement of units under the NTVV LCN 
Fund Tier 2 project. To achieve this aim within the timescales a unit had to be sourced from North 
America. The use of units designed for the American market, in conjunction with an auxiliary 
transformer, offere  an acceptable technical solution and met th  timescale requirements.  Future 
installations would be specified at a UK voltage and hence not require the auxiliary transformers.
Figure 5 illustrates the connection arrangement of the auxiliary transformer to step up the voltage.
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oppositions from the local community to the presence of the CES units and 
also the discussions with the local Fire and Rescue service was positive. As 
for the noise produced by the system, its switching frequency is 5kHz, which 
can be picked up by the human ear. This noise came from the original 
inductors that were quite loud when charging/discharging at full power, but 
they were replaced in 2013 and made a noticeable reduction to the noise. 
Regarding the occupants’ experiences in the first year of monitoring, they 
claimed that the houses feel “very normal” and they had to make insignificant 
changes to their behaviour to benefit from the lower energy usage. They 
were satisfied with their new homes and they claimed unanimously that they 
would purchase these homes if they were available  for sale and affordable. 
No noise from the storage system was noticeable as this was located a bit 
further away from the homes (Figure 3-25), but even if it had been closer, the 
enhanced insulation and triple glazing of the homes would have prevented 
any considerable noise from entering the home. 
 
Figure 3-25: Location of the CES units (black arrow) in relation to the ZCH and 
the distribution substation (black arrow). Red arrows indicate the cable route 
to the CES compound. 
 
SEPD LCNF Tier 1 Closedown Report
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Figure 9 -Connection Diagram (black arrows indicate position of the CES units and the distribution substation; red arrows show the cable route to the CES 
compound)
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In PassivBelows all the information collected except for the spatial 
requirement coincide with the values in Table 3-2. The spatial requirement is 
slightly lower at 0.071 m2/kWh falling outside the range of 0.074-0.22 
m2/kWh calculated in Table 3-2. The same discrepancy with slightly lower 
values for spatial requirement is encountered in Maes Yr Onn and Solcer H3 
cases, where Pb-acid technology has been used. In Maes Yr Onn 16 
batteries were used with dimensions (L,W,H) 0.522m, 0.238m, 0.218m each, 
while in Solcer H3 7 batteries measuring (L,W,H) 0.30m, 0.30m, 0.40m each 
were used. The discrepancy in the footprint could have occurred due to the 
different manufacturers of the Pb-acid batteries in the three projects and to 
the one used to calculate the value in Table 3-2. It therefore reinforces 
Leighton Buzzard project’s learning outcome, which suggests that footprints 
for similar battery technologies can differ between manufacturers [200]. 
Thus, Table 3-2 was further revised to reflect on this finding. 
 
In PassivBelows, the battery is located in the garage (currently serving as 
storage room) and is assumed to be well ventilated due to natural ventilation 
of the space. The occupant of the house reported that there is usually a low 
level noise coming from the inverter, but, as the battery is located in the 
garage it is not noticeable in the house. The occupant solid performance 
from April through September and in winter it would be probably functioning 
50% of the time. An issue that the occupant encountered was that he needed 
to turn the inverter off in the winter months, as there was not enough PV 
generation and it was trying to run all the time consuming power without 
yielding any for the house. No behavioural change from the occupants’ side 
was reported, apart from the fact that they are both happier due to lower 
electricity bills and more sustainable living. 
 
In Maes Yr Onn the batteries are located in a big plant room in the 
basement, which has an overall area of 38.6m2. It is naturally ventilated. In 
terms of behavioural aspects, the study by the WSA showed that the 
occupants have adapted well to the house and they feel confident about the 
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energy availability because of the PV supply and the diesel generator back-
up system. Initially, though, they were cautious about consumption in the 
house. They also soon realized the necessity to adapt activities to the 
weather. For example, data and diaries showed that on sunny days the 
family carried out tasks such as washing and ironing during daytime to make 
the most of the solar energy collected from the PV array. On cloudy days and 
especially during the winter, when PV generation is not adequate, the 
occupants used the diesel generator to protect the battery bank (Figure 
3-26). As the family has settled into living in the house and become familiar 
with the use of the systems, they feel confident about their lifestyle and 
patterns in the house. They consider that no significant changes have been 
made to live in the house. In addition, no noise issues were reported by the 
family. 
 
Figure 3-26: Monthly variation of daily average energy consumption of 
electric systems in Maes Yr Onn house 
 
In Solcer H3 the batteries were enclosed in a metal storage cabinet located 
in the garden adjacent to house, but not directly attached to house. The 
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reason for choosing this location was the large area required to house the 
unit and also the fact that the weight of the batteries prevented them from 
being located in the roof or loft space. In terms of safety the unit was hidden 
from view from the road by a fence. As the batteries were located outside 
they were assumed to be well ventilated. As this is a very recent project, 
there is no information on any noise impacts from the storage unit or on the 
behavioural aspects of the occupants. 
 
In the NZEH in Philadelphia, US, the only inconsistency was spotted in the 
Li-ion’s energy density value of 103 kWh/m3 falling outside the range of 140-
630 kWh/m3 suggested in Table 3-2. The energy density was crosschecked 
with the supplier of the integrated battery unit, who confirmed the value of 
103 kWh/m3. Therefore, the energy density value for Li-ion in Table 3-2 
needed to be revised. The specific module’s cycle life is 3000-5000 cycles at 
80% DOD (temp & usage dependent). The system does not have any regular 
required maintenance, can respond within seconds and can be fully charged 
in 1.6 hours if the full power output of the inverter is used. The clearance 
footprint requirement for the enclosure is an area of 0.85m x 0.99m [201]. 
This area includes the battery enclosure of 0.22m2 and also allows for 
circulation and maintenance. The battery is located in the house in the 
plant/monitoring room in an open plan space, together with other devices. 
The most typical location was suggested to be the basement and also there 
would be no problem locating the battery in the bedroom area or in the 
kitchen. It was also advised that in no case should the battery be located 
outdoors, as Philadelphia’s hot and humid summers or very cold winters 
would harm the battery and affect its operation. Temperature and humidity 
regulation would be required in the case of outdoor location. The integrated 
system is rainproof and the enclosure is vented on the backside to allow 
equipment cooling. It was therefore recommended to place it at a maximum 
distance of 25mm from the wall. The author on her visit as a researcher in 
PennState University was given the opportunity to spend a considerable 
amount of time in the NZEH, which is currently used as research home 
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hosting offices instead of bedrooms. She also gained hands-on experience 
on controlling and monitoring the battery system and thus gained primary 
experience in living with a battery. No noise was perceived and when the 
usual occupants of the offices were asked, they claimed unanimously that 
the battery’s operation was not noticeable at all. Regarding behavioural 
aspects, the occupants of the research home argued that they could change 
their daily patterns to align their use with the operation of the battery, but 
they wouldn’t (need to) change their lifestyle. 
 
The battery is one of the four major system components of Sunverge’s SIS 
(Solar Integration System) module, which is an energy management system 
that is used to capture energy and store in into the battery for future usage. 
The hardware of the Sunverge system, shown in Figure 3-27, includes a 
hybrid inverter/converter, the Solar Charge Controller (SCC) also known as 
the Maximum Power Point Tracker (MPPT), the battery, and the system 
control panel. The inverter also contains a temperature sensor to measure 
the battery temperature in order to adjust charging for maintaining 
homeostasis [202]. 
 
Figure 3-27: SIS hardware components [201] 
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The SIS block diagram is shown in Figure 3-28. The block diagram shows 
the interaction between the grid, the PV, the solar charge controller (SCC), 
the inverter, the battery, and the load panels. 
 
 
Figure 3-28: Solar Integration System (SIS) block diagram [203] 
 
The three main sources of energy come from the grid, the PV, and the 
battery. The power that is supplied by or fed into the grid is AC, while the 
power that comes from the PV and the power that is supplied by or fed into 
the battery is DC. Moreover, the critical and main loads are both supplied by 
AC. When the grid is supplying power to the loads it is able to bypass the 
inverter since they are both AC. However, if the grid (AC) were to supply 
power to the battery it would need to be rectified to DC due to the 
specifications of the battery needing to be charged by DC. The PV supplies 
DC so it is able to bypass the inverter when charging the battery. But before 
it can charge the battery, the SSC has to obtain its maximum power rating for 
efficient charging of the battery. When the PV supplies power to the loads, it 
needs to be inverted to AC so that it can be fed into the loads. When the 
battery discharges power to the grid and to the load it needs to be inverted to 
AC due to their specifications of only supporting alternating current. A mini-
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split air-conditioning system is also directly connected to the solar array and 
is powered by DC, which is a source of efficiency. 
 
In the high-power battery application in the GridStar project in Philadelphia, 
US, there are two types of inconsistencies; one regarding Li-ion’s specific 
power and the other regarding its power density. The value quoted for 
specific power, being about 687 W/kg, was much higher than the range of 
230-340W/kg included in Table 3-2. In a similar way, the value quoted for 
power density, being 86 kW/m3 was far too low considering the range of 
1,300-10,000 kW/m3 included in Table 3-2. When the author discussed these 
discrepancies with two senior members of the company who supplied the 
battery unit, they suggested that the deviation might have been due to 
inconsistent product scope or content in Table’s 8 values. Hence, Table 3-2 
needed to be updated in this respect. However the new value provided for Li-
ion’s power density needs to be used with care, as there is not much data 
about it. More practical high power Li-ion applications in the future could help 
clarify this. Moreover, the battery investment cost was £63,500 in 2013, 
which equals to $100,000 then, while the same battery would only cost 
$60,000 now, as costs decrease very rapidly [187]. The battery is located 
outdoors in a protected container, as shown in Figure 3-29. 
 
Figure 3-29: Battery system container and system components [204] 
 
SGSBre kt rou hinDeliveringAffordable
Storage
SolarGridStoragehasdevelopedabusinessmodelthatenables
storag tobeaddedtosolarprojectscosteffectively
Webuild,finance,andoperateenergystoragesystems(PowerFactor™)
2
ConfidentialandProprietary.DonotredistributewithoutpermissionofSolarGridStorageLLC
Makingsolarbetter
“IfyouwanttoseethefutureofrenewableenergyintheU.S.,youshouldcheckout
thelargecontainersittingnexttoanondescriptofficebuildingofftheIͲ95corridor
inMaryland.”
BusinessInsider,November2,2013
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Regarding ventilation, there is an inlet and an outlet on different sides of the 
container, including a circulation fan, allowing for effective ventilation of the 
space. As the unit is located in an innovation area primarily in the fields of 
engineering and architecture (and not in a domestic area), it received 
acceptance from the office workers around this area. Furthermore, as the 
system was about to be put in operation at the time the author visited the 
facility, no reports are available regarding the noise levels of the unit. 
 
Considering the batteries’ location in the case studies, they were located 
either indoors or outdoors. The indoor locations included the loft, the garage 
or the storage room and the plant/services room. The outdoor locations 
included either the garden or a designated space close to the properties. In 
one Li-ion installation the batteries were placed in the ground. In two 
examples, SoLa Bristol and H3 retrofit, the floor of the loft was not able to 
sustain the load of the battery. Therefore, in the case of SoLa Bristol the floor 
of the loft was reinforced, while in H3 retrofit another location for the battery 
outside was selected. In terms of ventilation requirements, in most of the Pb-
acid installations natural ventilation was employed, one Li-ion device used 
fan assisted mechanical ventilation, while the rest two Li-ion applications did 
not require any ventilation. The general conclusion regarding ventilation was 
that Li-ion batteries, compared to Pb-acid batteries, don’t require ventilation 
except in the case of a catastrophic failure. Regarding noise aspects, there 
were no noise issues reported, so the relatively quiet operation of the 
batteries didn’t cause any disturbance to the occupants. As for the 
behavioural aspects from the occupant’s side, the batteries’ installation had 
little to no impact on the occupants’ daily patterns. In the cases were low 
impact was reported, it addressed changes in the timing that some activities 
took place, such as the laundry and the ironing. Finally, the installations 
gained social acceptance and the occupants were excited to live more 
sustainably and learn more about their household’s energy consumption. 
 
Based on the investigation above, Table 3-2 was updated and the revised 
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values are presented in Table 3-10. References are provided in Table 3-11. 
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Table 3-10: Strengths and weaknesses of battery technologies (author’s own) 
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[84, 100] 
[84] 
[7, 9, 89, 
97, 101] 
[106] 
[100] 
NiM
H 
[84] 
[84] 
[46, 107] 
[84] 
[46] 
[83] 
[2] 
[88, 
102] 
[46] 
[46, 89, 
108] 
[46] 
[84] 
[2, 84] 
[84] 
[109, 
110] 
[111] 
[84] 
[84] 
[84] 
[46] 
[46] 
[84] 
[105] 
N/A 
assum
p. 
[84] 
[7, 101] 
[84] 
N/A 
Li-ion 
[83, 
112] 
[84] 
[83, 187] 
[83, 84] 
[46, 
187] 
[83, 187] 
[2, 8, 
84] 
[87, 88, 
113, 
114] 
[7, 83] 
[46, 83, 
89] 
[4, 7, 
115] 
[8, 84] 
[84] 
[7, 92] 
[93] 
[116] 
[83] 
[7] 
[7, 112] 
[8, 84, 
101] 
[2, 97] 
[9, 100] 
[98] 
[99] 
[9, 84, 
100] 
[84] 
[83, 84, 
101] 
[8, 84] 
[100] 
NaS 
[7] 
[84, 
117, 
118] 
[7] 
[7] 
[46] 
[46, 119] 
[7] 
[120, 
121] 
[7, 90] 
[46, 89, 
97] 
[2] 
[7] 
[83] 
[7] 
[93] 
[122] 
[123] 
[7] 
[7] 
[97] 
[97] 
[84, 97] 
[98] 
[99] 
[97, 124] [78, 92] 
[125] 
[8, 126] 
N/A 
NaNiCl 
[7] 
[84] 
[7] 
[7] 
[46] 
[84] 
[7, 9] 
[127] 
[7] 
[46, 89, 
108] 
[2] 
[84] 
[2, 84] 
[7] 
[93] 
[128] 
[129] 
[7] 
[7] 
[46] 
[130] 
N/A 
N/A 
N/A 
[84, 129] 
[84] 
[129] 
[8] 
N/A 
V-Redox 
[7] 
[8, 131] 
N/A 
[2, 7] 
[46] 
[84] 
[2, 4] 
[132, 
133] 
[7] 
[84] 
[84] 
[2] 
[7, 84] 
[7] 
[93] 
[134] 
[46] 
[46] 
[7] 
[84] 
[7, 97] 
[84] 
[98] 
[99] 
[84] 
[4, 97] 
[131] 
[84] 
[100] 
ZnBr 
[7] 
[84] 
[7, 84] 
[84] 
[46] 
[84] 
[7, 84] 
[135] 
[7] 
[97] 
[2, 7] 
[7] 
[124, 136] 
[7, 84] 
[93] 
[137] 
[97] 
[7] 
[7] 
[97] 
[7, 97] 
[84] 
[98] 
[99] 
[84] 
[78] 
[124] 
[8] 
N/A 
Zn-air 
[138] 
[138] 
[46] 
[139] 
[46] 
[139] 
[140] 
[141, 
142] 
[138] 
[46, 89, 
138] 
[138] 
[138] 
[143] 
N/A 
[93, 
140] 
[144] 
N/A 
[138] 
N/A 
[81, 145] 
[46] 
[89, 
126, 
138, 
139] 
N/A 
N/A 
[9] 
[138] 
[146] 
[8] 
[100] 
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3.8 Installation guidelines 
 
A lack of comprehensive installation guidelines for all battery technologies 
was observed. The existing ones either for the UK or the US referred to the 
most typical battery type, Pb-acid. Regarding guidelines for the rest of the 
technologies, no relevant Code or Standard was found at the moment this 
thesis was produced. Generally, guidance from the manufacturer for each 
specific battery application should be sought, but especially for the 
technologies for which no standards are issued, it is strongly recommended 
that the guidance from the battery manufacturer is followed. NiCd batteries 
perform similarly to Pb-acid, so the identified British Standard for Pb-acid 
applies for this technology as well. As for Li-ion batteries, which are starting 
to be deployed at a greater extent than before, fire hazards are associated 
with them due to thermal runaway; however, a number of gaps have been 
identified in the available information on the design of rooms or enclosures 
with fire protection, as stated by the Fire Protection Research Foundation in 
the US [205]. A guidance pack for Li-ion applications published by a US 
institution [206] in 2006 only specifies that extreme conditions in terms of 
humidity or high temperatures should be avoided, as these would have a 
large impact on the surface leakage of the battery. In addition, a brief review 
on US battery Codes and Standards is available in two documents: McCluer 
and Ashton’s work on battery Codes and Standards [207] and Ashton’s work 
on batteries and Codes [208]. However, these dated back to 2002 and 2003 
and didn’t seem to have been updated since. The US Codes and Standards 
themselves, as outlined in the review papers, were not accessible, so it was 
not possible to compare them against British Standards. The guidelines 
encompassed in European or British Standards were also quite old, 
published as late as 2001. The lack of specifications and standards was also 
identified as a challenge by ESOF [209].  In this respect, the Institution of 
Engineering and Technology (IET) invited the author to take part in a 
discussion with other experts in the field about a potential joint collaboration 
to issue updated guidelines on the integration of electrical energy storage 
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technologies in buildings. Consequently, the author is currently sitting in the 
IET Technical Committee contributing to the development of a Code of 
Practice on this respect. Due to the lack of Codes and Standards for all 
battery technologies, the following sections only address precautions for Pb-
acid applications and specifically regarding the physical space surrounding 
battery; however there are also a number of health and safety guidelines 
regarding the operation of the battery, which are usually included in the 
battery’s manual. 
 
3.8.1 Ventilation 
In the cases where Pb-acid (flooded or VRLA) of NiCd battery installations 
take place, the British Standard BS EN50272-2:2001 [210] is applicable. 
Appropriate ventilation of the battery room or enclosure is considered 
necessary. This is because during the charge of the batteries, gases such as 
hydrogen and oxygen are emitted into the surrounding atmosphere, which 
might form an explosive mixture if the hydrogen concentration exceeds 
4%vol hydrogen in air [210]. Thus, the purpose of ventilating a battery room 
or enclosure is to maintain the hydrogen concentration below the 4%vol 
hydrogen Lower Explosion Limit (LEL) threshold. Heat generation during 
normal battery operation is relatively low, so no ventilation or cooling is 
required in this respect [211]. VRLA batteries are much less likely to release 
hydrogen than vented batteries, but it is still essential to take care when 
charging them [212]. Natural or forced ventilation can be used and the 
minimum airflow rate for ventilation of a battery location or compartment in 
m3/h is calculated through the use of the equation below, taken from [210]: 
Q = v * q * s * n * Igas * Crt * 10-3 
where7: 
Q = ventilation flow rate of fresh air in m3/h 
                                            
7 For more information about the terms of the equation, please consult BS 
EN 50272-2 [210]. 
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v = necessary dilution of hydrogen: (!""%!!%)!% = 24 
q = 0.42 * 10-3 m3/Ah generated hydrogen 
s = 5, general safety factor 
n = number of cells 
Igas = current producing gas in mA per Ah rated capacity for the float 
charge current Ifloat or the boost charge current Iboost 
Crt = capacity C10 for lead acid cells (Ah) 
or capacity C5 for NiCd cells (Ah) 
 
The n and the Crt values are provided by the battery manufacturer. Crt is a 
battery’s capacity in Ah (Amp hour rating) when completely discharged over 
a specific period of time, i.e. 3, 5, 8, 10, 20 or 100 hours. So if the battery is 
discharged in 5 hours, the manufacturer quotes the Ah capacity produced as 
C5, which is considered a fast discharge. Similarly, if the battery is 
discharged in 20 hours, the manufacturer quotes the Ah produced as C20, 
which is a medium discharge, and so on so forth. According to battery 
manufacturers, a battery is able to discharge more energy over 100 hours 
(C100) than over 5 hours (C5) and generally, the slower the discharge of the 
battery, the highest its storage capacity will be [213]. This is attributed to 
increased heat generation when the battery is discharged at a faster rate, 
due to resistance in the battery itself [213]. 
The current Igas, which produces gas, is provided in Table 3-12, unless 
otherwise stated by the manufacturer. Two values are provided for each 
battery technology; one for float charge conditions and one for boost charge 
conditions. In float charge conditions the charger voltage remains constant 
after the battery is fully charged to maintain that capacity by compensating 
for self-discharge of the battery [214]. This is also called maintenance 
charging and it reduces the possibility of overcharging. A boost charge is 
when the charger voltage is raised to a higher level than the float charge 
voltage in order to “equalize” the voltage levels of the individual cells or 
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induce a quicker recharge [215]. It is thus also called equalize charging and it 
is applied when the battery is heavily discharged, allowing for quick 
recharging of the battery. In Table 3-12 any consequences of the increase in 
temperature up to 40°C have been accommodated in the presented values 
[210]. 
Table 3-12: Values for current Igas (adapted from [210]) 
 
Flooded/vented 
lead-acid batteries 
Sb < 3%* 
VRLA lead-
acid batteries 
NiCd 
batteries 
Igas (mA/Ah) 
(under float charge 
conditions relevant for 
air flow calculation) 
5 1 5 
Igas (mA/Ah) 
(under boost charge 
conditions relevant for 
air flow calculation) 
20 8 50 
*For higher antimony (Sb) content the manufacturer should be contacted for 
suitable values 
 
An example of how to calculate the ventilation requirement of a given battery 
is provided. A lead-acid battery (vented type, Sb < 3 %) is assumed, as 
shown in Figure 3-30 with its specifications shown in Figure 3-31. This 
battery consists of three 2-volt cells [216]. 
 
Figure 3-30: Trojan battery and battery dimensions [217] 
16.70
(424)
15.83
(402)
11.67
(296)
17.56
(446)
6.95
(177)
Length Width
Height
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Figure 3-31: Trojan battery specifications [217] 
 
Using the formula provided above, the value for Igas in Table 3-12, and the 
value for C10 provided in Figure 3-31, the ventilation requirement in m3/h is 
calculated as follows depending on the charging mode (please note that 
v * q * s = 0.05): 
• For float charge  
Qf = 0.05 * n * Igas * C10 * 10-3 
= 0.05 * 3 * 5 * 340 * 10-3 
= 0.255 m3/h 
• For boost charge  
Qb = 0.05 * n * Igas * C10 * 10-3 
= 0.05 * 3 * 20 * 340 * 10-3 
= 1.02 m3/h 
 
Natural ventilation is preferable, as mechanical ventilation might not be 
reliable at times [218]. However, this could be questionable and it is 
something that the forthcoming IET Code of Practice on energy storage 
systems will address. Battery rooms or enclosures of lead-acid or NiCd 
battery types require an air inlet and an air outlet. These should be located 
so as to create best conditions for exchange of air, such as on opposite walls 
or at a minimum separation distance of 2m when they are on the same wall 
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[210, 212]. The minimum free area of the opening is calculated by the 
following formula: 
A = 28 * Q 
where: 
Q = ventilation flow rate of fresh air in m3/h 
A = free area of opening in air inlet and outlet in cm2 
The air velocity is assumed to be at least 0.1 m/s 
As hydrogen is lighter than air, it rises from the battery and accumulates 
closer to the ceiling. Therefore, it is recommended that air inlets are located 
at low level and air outlets at high level [212]. According to the NEC 
Handbook [218], mechanical ventilation is usually not required for enclosures 
of battery systems and convection ventilation is considered adequate. This is 
because hydrogen disperses quickly and requires little air movement to 
prevent concentration. Hence, they claim that unrestricted natural air 
movement, along with normal air changes for occupied spaces will normally 
suffice [218]. If, however, because of inadequate airflow by natural 
ventilation, mechanical ventilation is employed, the required airflow for the 
mode of charging selected (i.e. float or boost charging) should be secured. 
The fans should also be acid resistant, with their motors totally enclosed, and 
installed at the outlet of any ducting. The air extracted from the battery room 
should be exhausted outside of the building [210]. Apart from the use of a 
fan, the ventilation can be achieved through a roof ridge vent or a louvered 
area [218]. In order for the room conditions to be safe, the ventilation should 
be calculated to correspond with the maximum current available from the 
charger. This means that even if boost charging is planned very rarely, the 
ventilation should be calculated to be effective in these rare occasions. 
Gas detectors, alarms or even automatic disconnection of charger supply are 
some of the recommended precautions regarding the safety of the battery 
room [210]. 
An example of how to calculate the air inlet and air outlet openings is 
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provided. Using the previous example, the minimum free area of each of the 
openings in cm2 is calculated as follows: 
• For float charge  
Af = 28 * Qf 
= 28 * 0.255 
= 7.14 cm2 
• For boost charge  
Ab = 28 * Qb 
= 28 * 1.02 
= 28.56 cm2 
 
There is little information regarding ventilation requirements for the rest of the 
technologies. Appropriate ventilation is required for NiMH, NaS, V-Redox, 
ZnBr to eliminate concerns regarding possible hydrogen ignition or reduce 
thermal stress. Li-ion, NaNiCl and Zn-air do not have any particular 
requirements under normal conditions [195, 202, 219, 220]. For ZnBr 
batteries a minimum airflow of 50L/s (180m3/h) should be ensured and the 
use of the standard EN 50272-2 is recommended [221]. Details for each 
technology are provided in Table 3-13. 
 
3.8.2 Temperature 
As seen in Phase 1, all batteries are able to operate within a wide 
temperature range. However, the life expectancy of a lead-acid battery can 
be considerably reduced at high temperatures [218]. For example, 
continuous operation at 33°C would cut the life expectancy of a VRLA battery 
by 1⁄2 and a flooded battery by about 1⁄4. Therefore, the optimum 
temperature for air around a battery is 22 ± 5°C8 [218]. 
 
3.8.3 Humidity 
The batteries should also be protected from extreme environmental 
influences in terms of temperature, humidity and airborne contamination 
                                            
8 This includes the air inside a battery cabinet, which may be warmer than the rest of the 
room 
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[210]. Battery rooms should be kept dry and recommended relative humidity 
levels are between 35-55% [222]. Table 3-13 presents the environmental 
considerations regarding temperature, humidity, gas emissions and 
ventilation requirements for each technology. 
Table 3-13: Environmental considerations for battery rooms 
 
Operating 
temperature 
°C 
Humidity Hydrogen emitted Ventilation Reference
4 
Pb-acid +17 to +27 
35-55% 
Yes Varies2,3 [223] 
NiCd -40 to +45 Yes EN 50272-2: Q = 0.05*n*I [210] 
NiMH -20 to +45 Yes Required, rate not specified4 [224] 
Li-ion -10 to +50 No Not required under normal conditions [186, 195] 
NaS +3001 No Natural ventilation3 [225] 
NaNiCl +270 to +3501 No Not required under normal conditions [220] 
V-Redox 0 to +40 No Natural ventilation [226] 
ZnBr +20 to +50 Yes 
> 50L/s (180m3/h) 
EN 50272-2: 
Q = 0.05*n*I 
[221] 
Zn-air 0 to +50 No Not necessary under normal conditions [219] 
1 NaS and NaNiCl batteries are included in a thermal enclosure, so are partially 
isolated from the ambient air in a room. A thermal management system embedded 
in their design is required to regulate the temperature. 
2 Different ventilation requirements for battery rooms are quoted in various 
standards [223] and there is no consensus on that. For example, for vented Pb-acid 
batteries the following diverse requirements from different sources have been 
quoted: >2ach (NFPA-111 [227]), >6ach (ASHRAE62 [228]), 12ach (IS: 12332 
[229]), requirement calculated using Q = 0.05 x n x I (EN 50272-2 [210], as 
explained in section 4.4.3), normal rate (ach) for occupied spaces (BSI 1995 [218]). 
For gel type Pb-acid batteries no special ventilation is required [230]. 
3 A back up fan may also be considered 
4 The primary gases emitted from the NiMH battery when subjected to excessive 
overcharge or over-discharge is hydrogen and oxygen. Although venting of gas to 
the outside environment should not occur during typical use, provision of adequate 
ventilation to the compartment are required to eliminate concerns regarding possible 
hydrogen ignition. Battery compartment should not be air tight [224]. 
4 References are provided for the columns addressing hydrogen emissions and 
ventilation 
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3.8.4 Accommodation and housing of the batteries 
The batteries should be housed in protected accommodation, such as a 
separate room in buildings, specially separated areas in electrical 
accommodation or cabinets/enclosures inside or outside buildings [210]. The 
accommodation should be able to protect the battery from external hazards, 
such as water, fire, vibration or vermin. It should also protect the people from 
hazards generated from the battery, such as high voltage, explosion or 
corrosion. Battery enclosures may also be selected to provide a functionally 
complete item of equipment in one enclosure, such as in the cases of 
Bosch’s [231], SMA’s [232] or Sunverge’s [201] integrated systems. The 
room or enclosure of the battery should prevent access from unauthorized 
people and it should protect the battery from extreme environmental 
conditions, such as extreme temperature, humidity or airborne contamination 
where applicable [210]. In the case of Solcer’s H3, for example, by having 
the batteries outside the house in a locked container, the probability of 
people accessing the batteries was reduced; and also, if there was a fire 
incident then the expected loss in the incident would low. In addition, the 
room or enclosure should allow enough space for inspection and 
maintenance procedures to take place [210]. In terms of space requirements, 
the design of the battery room needs to take provision of an unobstructed 
escape path with a minimum width of 0.6m [210], to be used in emergency 
situations. In order to allow for temporary equipment to be placed in the 
access way, the British Standards Institution recommends an increased 
width of 1.2m for the pathway [210]. Comparing to the US Codes, the 
National Electrical Code (NEC) specifies a required working width of 0.76m 
(30 inches) and an overhead clearance of 2m (80 inches) as a minimum for 
headroom, where applicable [208]. 
 
Any partitions within the room or the enclosure are likely to reduce the 
effective ventilation and increase the temperature of the battery [210]. Thus, 
this should be assessed during the design. Moreover, the mass of the 
batteries is considerable, so the floor should be able to sustain the load of 
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the battery. It is, therefore, important that structural limitations are considered 
in both new installations and in replacement and refurbishment works, based 
on manufacturers’ data [218]. The external and internal routes leading to the 
battery location should also be designed to provide the floor loadings. 
Special care should be taken regarding the door, wall, floor and ceiling 
finishes, as they should be durable, acid-resistant and free from flaking and 
general corrosion [218]. Floors should be designed flat under the battery and 
in the access area, but elsewhere they should preferably slope to a drain. In 
terms of housekeeping, battery rooms should not be used as storerooms, 
particularly for combustible materials [218].  
3.8.5 Cabling 
Cabling, wherever possible, should be arranged to avoid passing through 
floors. If this is not possible, upstands should be provided to prevent any 
electrolyte spillages leaking into the cable openings and/or ducts [218]. 
Further information about cabling can be found in BS 7671, provided by the 
British Standards Institution. 
 
3.9 Conclusions 
Electricity storage is gaining continuous momentum through the increasing 
number of installations in the UK and worldwide. A comprehensive review 
regarding a number of characteristics of battery storage technologies were 
presented in this chapter. As some types of storage technologies are already 
in use and others are still in the development phase, recent advances on the 
improvement of several performance parameters were included in this 
systematic review. Li-ion and Zn-Air batteries with energy densities up to 620 
kWh/m3 and 800 kWh/m3 respectively seem to be promising technologies for 
advanced battery integration in the built environment. Along with these 
technologies, NaNiCl batteries are also expected to play an important role in 
buildings because of their high cycle lifetime and high peak power capability. 
However, there is still room for improvement of the technologies’ properties 
through continuous research and development. The use of hybrid systems 
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that benefit from the complementary properties of storage technologies could 
be a possible option to achieve improved performance of battery systems. 
 
The investigation of the case studies showed that footprints for similar 
battery technologies can differ between manufacturers, so for precise values 
data from suppliers must be considered. In addition, further experience and 
standardisation need to occur, as the lack of specifications and international 
standards currently present a challenge. Moreover, the considerations 
regarding the room or the enclosure where the batteries are accommodated 
mainly concern ventilation aspects for the technologies that are potentially 
associated with hydrogen emissions. Therefore, attention should be given in 
the installation of vented Pb-acid, NiCd, NiMH and ZnBr batteries.  
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Chapter 4 
Phase 2: Electricity demand – peak 
demand and electricity consumption 
 
 
4.1 Overview 
This chapter addresses Phase 2 of the methodology and looked at the 
energy demand side in the UK. Therefore, actual data regarding electricity 
demand and consumption were collected from DNOs or similar companies in 
the UK. Analysis and modeling of electricity demand and consumption data 
in three scenarios in 2030 was performed. The scenario modeling was 
performed using a spreadsheet programme (Microsoft Excel version 14.5.8) 
and this phase led to the estimation of peak demand and electricity 
consumption ranges for different scales in each scenario. 
 
4.2 Distribution transformer’s power rating 
The study looked at the final level of distribution, which is the 400/230 V 
electricity network.  This level is supplied by distribution transformers, which 
have a power rating of 10kVA-2500kVA. The average rated power of these 
transformers in the EU is between 116 and 369 kVA, depending on the 
country [233] and more than two-thirds of the installed transformers have a 
power rating below 400 kVA. Distribution transformers operated and owned 
by electricity distribution companies are responsible for supplying 66% of 
electricity to final users at low voltage level and represent almost 80% of 
distribution transformers stock. The number of distribution transformers in the 
UK is about 230,000, while in Europe is about 4.5 million and the typical size 
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of such a substation is 4m x 5m [233]. There are two types of transformers: 
oil-filled and non-oil-filled (or dry) transformers [234]. Either oil or air/gas is 
used for insulation and as a cooling medium to reduce hot spot temperatures 
in the coils for the two cases respectively. The oil-filled transformers are 
more efficient than dry-type ones, they usually have a longer lifetime and 
smaller footprint, but they are more prone to catch fire. Oil-type transformers 
are typically used for higher power ratings, while dry-type ones for lower 
ratings [234]. Table 4-1 provides information on the number of the 
transformers installed in 2004 and their market potential. The transformers 
are split into three segments; oil-type transformers for the distribution sector 
and oil- and dry-type ones for the industry sector. The number of dry-type 
transformers in the energy distribution sector is estimated at marginally low 
level (~1% of utility fleet), so it’s not included below. 
 
Table 4-1: EU27 distribution transformer population and annual market 
(transformers installed in 2004) [233] 
 
As Table 4-1 shows, smaller units dominate the distribution sector, while in 
the industrial sector larger units are more common. Regarding the market 
potential, the growth of larger kVA ratings seems to be strong and is roughly 
estimated at 0.4% per year. In addition, the annual market for new 
investments and replacements is estimated at about 3% of the existing stock. 
Among the important factors contributing to the market development are the 
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change in electricity consumption and the increase in decentralized 
generation. Figure 4-1 presents the distribution of transformer power ratings 
across different transformer segments. Note that these are relative figures 
so, for absolute rating distribution only bars of the same colour could be 
compared. 
 
 
Figure 4-1: Distribution transformer population/rated power [233] 
 
From Table 4-1 and Figure 4-1, it is evident that transformers of low to 
medium power ratings are more common. The study, therefore, considered 
the electricity supply by transformers with a power rating of up to 630 kVA. 
This upper limit of 630 kVA falls within UK Power Networks’ (UKPN) 
suggestions1 regarding the electricity supply at distribution level in urban 
areas [235], as well as Western Power Distribution’s recommendations [236]. 
4.3 Building scales 
4.3.1 Gas heated properties 
Single building and community scales were investigated in this study. 
Regarding the number of customers for the community scale, it is difficult to 
                                            
1 UKPN suggest a power rating of 500 kVA for distribution transformers in urban 
areas [234]. However, transformers of this rating have ceased to be produced since 
2008, and have been replaced with transformers of a rated power of 630 kVA [235]. 
So practically, no new transformer installation can have a rating of 500 kVA. 
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agree on a typical figure, as this depends on the location. For example, in 
rural areas very small pole-mounted transformers with just a handful of 
customers connected are commonly used, whereas in urban areas much 
larger transformers with many more customers connected to them are used. 
The information available from the DNOs for this aspect therefore varies. For 
example, the number of customers at those scales ranges from 1-500, 
according to SSE [237], depending on whether it is a rural or urban area. 
WPD suggest this number can be around 25 for rural areas and about 250 
customers for urban areas [238]. UK Power Networks assume a range of 6 
for rural areas to about 200-300 dwellings for urban areas [235]. The above 
numbers apply for gas heated properties. The information provided by WPD 
and UKPN refer to domestic customers, while SSE’s figures include other 
uses too, such as commercial, industrial etc. According to UKPN, in a 
residential area the split between domestic and commercial uses could be 
80% domestic and 20% commercial [235]. Thus, the figure provided by SSE 
has been adjusted to 400 in order for it to account for domestic uses only 
and the final numbers are presented in Table 4-2. 
 
Table 4-2: Typical number of gas heated properties supplied at distribution 
level 
Typical number of domestic customers supplied Source 
SSE 1-400 [237] 
WPD 25-250 [238] 
UKPN 6-300 [235] 
 
The number suggested by SSE may be higher than what WPD and UKPN 
suggest, but it can be justified by the fact that larger transformers than the 
ones used in the past (630 kVA vs 500 kVA) are currently being deployed 
[233] and also by the fact that there is a growth of larger kVA ratings 
according to Table 4-1 [233], which means that more customers would be 
able to be connected to one transformer. 
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4.3.2 Electrically heated properties 
If electric heating is used, then UKPN suggest a lower range of 2-3 
properties connected to a 25kVA transformer in rural areas to 50/60 
properties connected to a 500 kVA transformer in urban areas [235]. It would 
be helpful to introduce the definition of the term ‘After Diversity Maximum 
Demand (ADMD)’ here. After Diversity Maximum Demand (ADMD) is the 
simultaneous maximum electrical demand of a group of customers divided by 
the number of customers. So the ADMD of n customers is: 
 
ADMDn = MDn / n                                        [239, 240] 
 
It is reasonable to assume an After Diversity Maximum Demand (ADMD) of 
8-10 kW per dwelling [235, 238] as electric heating is direct acting and no 
diversity would be allowed. However, as 500 kVA transformers are no longer 
available, an adjustment is made for the 630 kVA. So the number of 
properties connected to a 630 kVA transformer in an urban area would be 
about 63/75 if electric heating is provided. The typical number of customers 
supplied at distribution level is shown in Table 4-3. It is assumed that for rural 
areas a transformer is able to supply only one property, be it gas or 
electrically heated. In addition, a range of 1-400 gas heated domestic 
properties is assumed in a residential area at the distribution level, as this 
range is inclusive of WPD’s and UKPN’s suggested ranges. It should be 
noted that the ranges presented in Table 4-3 are indicative only, as the exact 
number of properties able to be supplied by a 630kVA transformer depend 
on their individual peak demand values and their timing. 
 
Table 4-3: Typical number of customers supplied at distribution level 
Typical number of domestic customers supplied Source 
Gas heating 1-400 SSE [237] 
Electric heating 1-75 UKPN [235] 
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4.4 Peak electricity demand for a single domestic property 
This section explains how the peak electricity demand ranges for single 
domestic properties were estimated. This was required for determining the 
inverter size. The peak demand for one property also served as the basis to 
calculate the peak demand of a group of buildings, or a community, 
according to the guidelines for diversity of the electric load provided by 
UKPN [235]. Moreover, considering the components of the whole battery 
system, the peak demand would indicate the inverter’s power rating. 
4.4.1 Gas heated properties 
The peak demand for a domestic property is the maximum power demand at 
a peak period during the day and in the UK it occurs during the evening 
hours [241]. For a single domestic property it varies according to the type of 
the property, the number and type of the occupants, as well as 
environmental factors. Therefore, in order for this study to be as inclusive as 
possible, a range of peak demands was collected from four different 
sources; the first one is a report from DECC [66] under the title ‘Demand side 
response in the domestic sector: a literature review of major trials’; the 
second one is Elexon [242], who administers the wholesale electricity 
balancing and settlement arrangements for Great Britain; the third is a paper 
under the title ‘Social housing electrical energy consumption profiles in the 
UK’, by Kreutzer and Knight [243], presented at the 2nd International Solar 
Cities Congress in 2006; and the fourth one is a report on household 
electricity use from Intertek [244]2, which is the most detailed monitoring of 
electricity use in UK homes ever undertaken [241]. In all studies space 
heating is provided by fossil fuels. 
 
                                            
2 This project was jointly funded by the Department for Environment, Food and Rural Affairs 
(Defra), DECC and the Energy Saving Trust. There was also a follow-up report including a 
re-analysis of the Household Electricity Survey by Cambridge Architectural Research Limited 
[241]. 
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According to DECC [66, 245], the average daily peak demand over the year 
for a single household is less than 2 kW in the UK. More specifically, the 
peak demand is 0.9 kW for consumers whose meters do not distinguish 
between the time of day (approximately 22 million consumers), and 1.9kW 
for consumers with separate peak and off-peak meters (approximately 5 
million consumers) in the UK [245]. These estimates are for the winter period 
(December-March), while average daily demand peaks are below 0.6kW for 
both groups of consumers from June-August. 
 
According to the standard profiles developed by Elexon [246], the average 
domestic peak demand is 0.9 kW in the winter and 0.56 kW in summer for 
UK unrestricted customers. For restricted customers there is an average 
winter peak of 1.41 kW and a summer peak of 0.71 kW. However these are 
averaged peak data3 corresponding to half-hourly intervals for a big group of 
customers, so cannot account for a single property. More specifically they do 
not capture spikes in electricity demand that might be occurring within these 
half-hourly periods. As Elexon’s time intervals of power measurements is 30 
minutes, the same figure is assumed for DECC4, as the peak demand values 
present great similarity. 
 
Kreutzer and Knight ‘s results for 2003 are somewhat lower, in the range of 
0.5-4 kW for Winter and an average value of approximately 0.45 kW for 
Summer [243]. This happens because that study dealt exclusively with the 
electricity consumption of households in the social sector, which is typically 
lower than the average demand. In this study electricity consumption data 
from 69 dwellings were obtained over a period of 2 years. The 
measurements were obtained at 5-minute intervals and this justifies the 
broader peak demand range, as seen in Table 4. 
                                            
3 These data regard distinct peak electricity demand values only and are not associated with 
the data presented in the standard profiles, which were developed by ELEXON and refer to 
a single property. 
4 The time intervals were not given for the data from DECC. 
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Finally, according to Intertek, the households monitored in 2011 provided a 
peak demand range of 2.1-18 kW [244]. These values are by far higher than 
the values in the rest of the sources and also present a larger breadth in 
terms of range, as Intertek used 2 minute intervals for the power 
measurements. Intertek’s results are derived from the monitoring of 251 
households over a period of one year. The estimates from the above sources 
as well as the year the data were collected are gathered in Table 4-4. 
 
Table 4-4: Peak electricity demand for a single gas heated household (kW). 
(Avg) stands for averaged data. 
 Gas heating Time intervals 
of power 
measurements 
Year data 
were 
collected  Winter Summer 
DECC [66] 0.90 - 1.90 (Avg) < 0.6 (Avg) 30 mins 2012 
Elexon [242] 0.90 - 1.41 (Avg) 0.56 - 0.71 (Avg) 30 mins 2013 
Kreutzer and Knight 
[243] 0.50 - 4.00 ~ 0.45 (Avg) 5 mins 2003 
Intertek [244] 2.10 - 18.00 N/A 2 mins 2011 
 
From all the sources presented in Table 4-4, Intertek’s data are inclusive of 
distinctive spikes in power demand fluctuation, as measurements were 
obtained in shorter time intervals. Wright and Firth [247] have also suggested 
measurements with 1 or 2 minute resolution in order to capture the peaks of 
individual households. Therefore, the rest of the study only took into 
consideration Intertek’s peak demand range of 2.10-18.00 kW for the winter 
for the domestic sector. The distribution curve of the peak demand in winter 
for the electrically heated properties is shown in Figure 4-2. The winter 
average peak demand value of the sample is 7.6 kW [244]. 
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Figure 4-2: Cumulative distribution curve of electricity peak demand in winter 
for the properties with electric heating (author’s graph according to data 
collated and synthesized from Intertek [244]) 
 
For reliability reasons, a confidence interval5 of 95% is applied to Intertek’s 
sample consisting of 213 gas heated households, regarding the peak 
demand values. Therefore, the extreme values belonging to that 5% in both 
ends, i.e. the 5 highest and the 5 lowest ones were excluded from the 
calculations. Hence, the peak demand range for the gas heated households 
is narrowed down to 2.90-13.40 kW. Regarding the summer peak demand 
range, it was not possible to source non-averaged data with relatively small 
time intervals and, as Zheng [93] claims, such high time resolution data are 
largely unavailable. However, according to Drysdale et al. [252] the peak 
electricity demand in winter in 2012 was 21% higher than in summer in the 
                                            
5 A confidence interval is defined as an estimated range of values constructed in a way that 
there is a specified probability that the value of a parameter lies within it [248, 249]. It is 
conventional to use confidence intervals at the 95% level [248-251]. In this case, a 95% 
confidence interval means that there is 95% probability that the constructed interval would 
contain the true value as it might be estimated from a much larger study. 
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UK domestic sector. This is consistent with Knight and Ribberink’s findings 
for 2007 [253], as shown in Figure 4-3. This is because in countries such as 
the UK, where air conditioning is not prevalent, peak demand occurs in the 
winter rather than in in summer [245]. Based on the assumption above, the 
summer peak demand range that the study considered is 2.4-11.1kW. It 
should be noted though that as in the UK summer peaks are lower than 
winter peaks [34], the winter values are expected to inform the system’s 
design, which would be used all year round. The summer values are thus 
provided for reference and for a better understanding of electricity use 
throughout the year. 
 
 
Figure 4-3: Measured winter and summer domestic electrical demand profiles 
[253] 
 
4.4.2 Electrically heated properties 
For electrically heated properties, information has been gathered from three 
different sources; two include e-mail communication with UK DNOs and the 
third one is the same report from Intertek [244], as discussed above. UKPN 
suggest a range of 8-15 kW regarding the peak demand of a single property 
in the case of electric heating [235], while WPD indicates that this demand 
could be about 16 kW [238]. These figures are used as guidance in the 
Future Energy Demand in the Domestic Sector 
Top and Tail Grand Challenge Work Package 2.1 Report  
 
AB  
 
 
Figure 5: break own of el ctrical demand in UK domestic sector (DECC, 2012a). 
Figure 6 shows m asured lectrical demand profiles from a ‘ ypical’ UK dw l ing (Knight and 
Ribberink, 2007) for winter and summer days. As with the heating and hot water demand profiles, 
the electrical demand exhibits significant temporal variability, with morning and evening peaks 
evident, particularly in winter. 
 
Figure 6: Measured winter and summer domestic electrical demand profiles (Knight and Ribberink, 
2007). 
Figure 6 is typical of the situation where only appliances and lighting require electrical power, with 
space heating and hot water demand met by a gas boiler. Only 8% of UK homes are electrically 
heated (Palmer and Cooper, 2011) and in these cases, the winter electrical demand would be 
significantly greater than is shown above. It should be noted that many consumers with electric 
heating actively manage their own demand; end-users on variable price tariffs such as Economy 10 
(ECON10, 2012) typically adjust the operating times of opportune loads such as dishwashers and 
washing machines to take advantage of lower electricity prices during off-peak periods. More 
advanced and automated demand management is discussed in section 2.3.  
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design of the electricity distribution networks, so no measurements and time 
intervals are provided. 
 
Intertek [244] monitored mid-terraced houses, end-terraced houses, small 
terraced houses up to 70m2, semi-detached houses and flats, which held the 
biggest share among the monitored houses6. The houses were occupied 
either by a single pensioner (65+ years old), a single non-pensioner, multiple 
pensioners, families with children or multiple persons without dependent 
children. Intertek found the peak demand to be from 4.6 to 14 kW for a single 
UK domestic property [244] from a sample of eight properties. This is a small 
sample, but it is the only data available at the time that this research was 
performed and the values give an idea of the spread of possible peak power 
demands in UK households. The highest peak demand value of 14kW is for 
a newly built flat7, which justifies the relatively low value compared to the 
values for the gas-heated properties. The data were obtained at 2-minute 
intervals for a period of one year, as was the case for the gas heated 
properties. The above ranges and the year the data were collected are 
presented in Table 4-5. 
 
Table 4-5: Peak electricity demand for a single electrically heated household 
(kW) 
 Electric heating Time intervals of 
power measurements 
Year data were 
collected  Winter Summer 
UK Power Networks 
[235] 8.00 - 15.00 N/A N/A 2013 
WPD [238] 16.00 N/A N/A 2013 
Intertek [244] 4.60 – 14.00 N/A 2 mins 2011 
 
                                            
6 The sample excluded any individuals whose homes had their energy 
supplied from any domestic renewable energy source, such as photovoltaic 
panels and wind turbines [244]. 
7 Newly built flats are assumed to have lower space heating requirements due to good 
thermal insulation and high airtightness, which can result in lower peak demand values. 
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Based on Table 4-5, the peak demand range for an electrically heated 
property in winter that the study looked at is 4.60-16.00 kW. For electrically 
heated properties, it is assumed that heating is on only from October to 
March [254] and is switched off during the summer months, so no electricity 
would be used for heating in that period. Therefore, the peak electricity 
demand range for the summer months for electrically heated properties is the 
same as the peak demand for the gas heated property, that is 2.4-11.1 kW. 
A summary of the data, which the rest of the study is based on, is provided in 
Table 4-6. 
 
Table 4-6: Peak electricity demand for a single gas or electrically heated 
household (kW) 
 
Gas heating Electric heating 
Winter Summer Winter Summer 
2.9 – 13.4 2.4 – 11.1 4.6 – 16.0 2.4 – 11.1 
Sources [244, 248-251] 
[244, 252, 
253] [238, 244] 
[244, 252, 
253] 
 
 
4.4.3 Peak demand projections for gas and electrically heated properties in 
2015 
The above electricity demand data for both types of heating (gas/electricity) 
in Table 4-6 have been adjusted for 2015, using projections for electricity 
consumption. As no data regarding peak demand trends in the domestic 
sector was found in the literature, an assumption is made that the increase in 
peak demand is equal to the electricity consumption increase over the years. 
This can be based on two facts; the first one is that there seems to be a 
steady increase in the maximum load of all sectors in the UK over time, as 
shown in Figure 4-4, while the total UK electricity consumption and the 
electricity consumption of the UK domestic sector present a constant 
increase over the years as well. In addition, a similar approach is presented 
in a report by the New York System Operator [255] regarding energy and 
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demand forecasts. In that document a strong correlation between the 
electricity consumption and the peak demand is found to occur, under similar 
assumptions to the ones used by DECC for the UK. 
 
 
Figure 4-4: Electricity consumption and peak load demand historical data in 
the UK (author’s own: the graph has been produced using data from the 
following sources: [256], [257], [258]) 
 
Therefore, the projections for 2015 are taken from DECC ‘s report [66] on 
‘Capturing the full electricity efficiency potential in the UK’. The report 
suggests a 5% increase in electricity consumption for the period 2010-2015 
and this rate was used for the peak demand projections in this study. 
Considering the ‘Business as Usual’ scenario, DECC’s projections take into 
account the increased demand due to demographics and economic growth, 
but also reduced demand due to historic trend towards increase in natural 
energy efficiency. The data of interest (provided by Intertek and WPD) 
presented in Table 4-6 were collected in year 2011 and 2013, so an 
assumption is made by the author based on the projections presented in 
DECC’s report [66]. As there is 5% increase on electrical energy 
consumption in the domestic sector in 5 years (2010-2015), it is assumed 
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that the average trend is for a 1% increase per year. The new figures in year 
2015 are presented in Table 4-7 and Table 4-8. 
 
 
Table 4-7: Peak electricity demand for a gas heated household in 2015 
Gas heated property (2015) 
Winter Summer 
Peak demand (kW) Year (source) Peak demand (kW) Year (source) 
2.9 – 13.4 2011 (Intertek) 2.4 – 11.1 2011 (Intertek) 
3.0 – 13.9 2015 (projection) 2.5 - 11.5 2015 (projection) 
 
Table 4-8: Peak electricity demand for an electrically heated household in 
2015 
Electrically heated property (2015) 
Winter Summer 
Peak demand (kW) Year (source) Peak demand (kW) Year (source) 
4.6 – 16.0 2011, 2013 (Intertek, WPD) 2.4 – 11.1 2011 (Intertek) 
4.8 - 16.3 2015 (projection) 2.5 - 11.5 2015 (projection) 
 
To summarise, based on current available data on electricity demand and 
projections, the peak electricity demand range for a gas heated household in 
2015 is 3.0 – 13.9 kW in winter and 2.5 - 11.5 kW in summer. For an 
electrically heated household, the peak demand range in 2015 is 4.8 - 16.3 
kW and 2.5 - 11.5 kW for winter and summer correspondingly. In order to 
calculate the demand in 2030 under a business as usual (BAU) scenario, 
DECC’s projections were used, which suggested an electricity consumption 
increase of 10.4% for the domestic sector for the years 2015-2030 [66]. This 
rate is used for the peak demand projections in 2030, as explained above. 
The final figures for a single domestic property in 2015 and 2030 are 
presented in Table 4-9, where the baseline scenario in 2015 is indicated as 
BS 2015 and the business as usual scenario in 2030 is indicated as BAU 
2030. Figure 4-7 and Figure 4-8 also depict the increase in peak electricity 
demand in the two scenarios. 
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4.4.4 Peak demand reduction through demand-side management techniques 
Demand side management (DSM) techniques provide a variety of measures 
aiming at the reduction of energy consumption, which results to more 
manageable demand [259]. DSM programs include the planning, 
implementing and monitoring activities of electric utilities which are designed 
to influence customer electricity consumption patterns to match current or 
projected capabilities of the power supply system [260, 261]. DSM thus 
refers to energy and load-shape modifying activities and consists of two 
major components: Energy efficiency (EE), which is often referred to as 
conservation, and Demand Response (DR). The forms of demand reduction 
from the implementation of DSM include peak shaving, conservation and 
load shifting and their visualisation is provided in Figure 4-7. 
 
 
Figure 4-5: Abstract visualisation of DSM forms [259] 
 
In Figure 4-5 above, conservation (or energy efficiency) refers to the 
reduction in electricity consumption by customers, lowering total demand and 
consumption. This can be achieved, for example, if customers are motivated 
to use more energy-efficient appliances. Peak shaving means the reduction 
of loads during periods of peak demand. This can delay the need for 
additional generation capacity and includes a net reduction in both peak 
demand and total energy consumption. Direct control of customers’ 
appliances or load limiters are techniques serving for peak shaving. With 
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load shifting, loads from on-peak periods are shifted to off-peak periods and 
it only involves a reduction in peak demand without affecting the total energy 
consumption [259]. Load shifting can be achieved through the 
implementation of time-of-use pricing and this method is widely practiced in a 
number of European countries, particularly for households with electric 
heating [262]. 
Demand-side management measures can bring a number of benefits to the 
customer, the utility and the society. Some of them are the improvement of 
the overall energy efficiency, the improvement of the reliability and quality of 
power supply, the reduction of the risk of power outages, saving capital 
investment to build new power plants, more economical energy delivery to 
customers, as well as environmental benefits. Especially for the case of the 
UK, it is argued that DSM can improve the efficiency of operation and 
investment of the electricity system [262]. In this study energy efficiency and 
peak shifting mechanisms were assumed for the residential sector. Peak 
shaving was not considered, as it is normally done at a large scale by power 
or commercial companies for economic reasons [263, 264]. 
4.4.4.1 Peak demand reduction through energy efficiency improvements 
Electricity efficiency measures are assumed to take place in the EE, DR and 
Te scenarios8, the key drivers being improved insulation levels, more efficient 
appliances and more efficient lighting. According to DECC [66], there is an 
electricity demand reduction potential of about 45% or 63 TWh in the 
residential sector from 2010 to 2030. The greatest potential is in switching to 
efficient appliances and electronics and accounts for about 42% of this 
potential, followed by building shell improvements with a share of 31%. 
Moreover, about 20% of this potential reduction is attributed to the shift from 
incandescent to compact fluorescent lamps [66]. 
                                            
8 As explained in the methodology chapter, EE 2030 scenario includes energy efficiency and 
electrification of heating, DR 2030 scenario addresses demand response though peak 
shifting and Te scenario includes energy efficiency, electrification of heating and 
electrification of transport. 
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As the above reduction of 45% is assumed for a 20-year period, this study 
assumes a potential of 30% in energy demand reduction through efficiency 
measures, regardless whether winter or summer for a period of 15 years. It is 
appreciated that there might be barriers hindering the full abatement 
potential, such as transaction costs, agency issues for rented 
accommodation or little behavioural change of the occupants; however any 
substantial obstacles to realisation of the measures are assumed to be 
tackled through appropriate policies. The updated figures for a single 
domestic property in 2030 after energy efficiency improvements are applied 
to the property, indicated as EE 2030 are presented in Table 4-9. Figure 4-7 
and Figure 4-8 also depict the increase in peak electricity demand in the 
three scenarios, namely BS 2015, BAU 2030 and EE 2030. It is apparent 
from Table 4-9, Figure 4-7 and Figure 4-8 that there could be considerable 
demand reduction and thus significant energy savings from the application of 
energy efficiency measures in 2030. 
 
4.4.4.2 Peak demand reduction potential from demand response measures 
The domestic sector is likely to be the main contributor to peak demand 
shifting in the evening hours [265]. It is also expected to offer most shiftable 
demand at the evening peak all year round [265]. Hence this study only 
assessed the scope for demand shifting at the evening peak. According to 
DECC’s assumptions [265], it is estimated that about 34% of total domestic, 
commercial and industrial electricity load in a winter evening between 4pm 
and 7pm9 could be technically shiftable in 2025 and this load accounts 
mainly for on-peak space heating. Similarly, for a summer evening, 29% of 
the total peak load is likely to be shiftable and it would potentially come from 
cold appliances, cooling and ventilation. Looking at Figure 4-6 below, it is 
assumed that approximately 50% of the total shiftable load can be attributed 
                                            
9 The exact timing of the peak load shifting is later investigated according to the evening 
period (3 hours) in which the highest load occurs. 
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to the domestic sector, both for winter and summer. So the potentially 
shiftable load in 2025 according to DECC [265] is estimated to be 17% in a 
winter evening and about 15% in a summer evening. Estimations by 
DECC about the total shiftable load are up to 20GW in winter and 13GW in 
summer. DECC assumes the above shiftable load for a period of 15 years 
(2010-2025), so in this study the same assumptions were used for 2030, as 
the exploration includes a 15-year period as well (i.e. 2015-2030). 
 
 
 
Figure 4-6: Sectoral breakdown of potentially shiftable load [265] 
 
The adjusted ranges for single properties in 2030, after applying the peak 
demand reduction in the evening hours due to load shifting, are presented in 
Table 4-9, in which the demand response scenario is indicated as DR 2030. 
It should be noted that, as the peak electricity demand reduction mainly 
comes from on-peak electric space heating in winter, a small shiftable load in 
the range of 3% [266] is assumed for the gas heated properties (instead of 
the 17% assumed for the electrically heated ones) in winter due to non-
space heating related activities. Therefore, the gas heated properties remain 
only slightly affected during the winter period from the demand side 
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measures in that period. For the summer period the same reduction of 15% 
is assumed. 
 
 
 
 
 
 
Table 4-9: Peak electricity demand for a single household (kW) – 2015, 2030 
after energy efficiency improvements, and 2030 after peak load shifting 
measures (DR) in 2030 
Gas heating Electric heating 
Scenario Winter Summer Winter Summer 
min max min max min max min max 
3.0 13.9 2.5 11.5 4.8 16.3 2.5 11.5 BS 2015 
3.3 15.4 2.8 12.7 5.3 18.0 2.8 12.7 BAU 2030 
2.3 10.8 1.9 8.9 3.7 12.6 1.9 8.9 EE 2030 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 
 
It is shown in Table 4-9 that there is further peak load reduction through the 
implementation of demand side management measures. Overall, a reduction 
of 45-47% is achieved for electrically heated properties by 2030 if measures 
addressing energy efficiency improvements and peak load shifting through 
demand response techniques take effect. The effect of the measures in each 
scenario is also depicted in Figure 4-7 and Figure 4-8. 
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Figure 4-7: Peak electricity demand in BS 2015, BAU 2030, EE 2030 and DR 
2030 scenarios for a gas heated property 
 
 
 
Figure 4-8: Peak electricity demand in BS 2015, BAU 2030, EE 2030 and DR 
2030 scenarios for an electrically heated property 
 
4.4.5 Impact on peak demand from the electrification of transport 
The increasing environmental concerns, the decarbonisation of future 
automotive industry, the consequent regulatory requirements and the 
depletion of oil have made the fuel independent battery electric vehicle (EV) 
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with zero emissions increasingly more attractive as practical and economical 
alternative to the gasoline fuelled car [267]. Furthermore, as indicated by the 
Committee on Climate Change [268], ultra-low emission vehicles and 
particularly EVs are expected to play a key role in decarbonizing the 
transport sector through the 2020s. Therefore, it would be typical for privately 
owned EVs to be connected to the electricity network and specifically at 
home level for charging and this denotes a significant impact from the EV 
charging load on the properties’ system load profile. 
 
Element Energy [268] has made “real world” range assumptions for the EVs 
and projects that in 2030 the autonomy of a medium EV car10 would be about 
240km. The electricity consumption is expected to decrease down to 0.13-
0.16 kWh/km for the same car category in 2030 from 0.15-0.18 kWh/km in 
2015. The EV battery capacity is also expected to increase from 34 kWh to 
48 kWh. 
 
According to Qian et al. [267], Pb-acid, NiMH and Li-ion battery technologies 
are most likely to be used in EVs due to several parameters, such as 
performance capability, safety, lifetime and cost. Considering the typical 
charging profiles of these technologies, which are presented in Figure 4-9, 
the peak power demand for each of them is about 7kW, regardless whether 
winter or summer. As it can be seen in Figure 4-9, depending on the 
technology and the capacity of the battery, the charging time can vary from 5 
to 7 hours. Moreover, when 5 hours of charging are needed, then the 
charging peak demand during the charging period is stable at about 7kW, 
while when 7 hours of charging are needed, then the charging peak demand 
rises slightly during the first 2.5 hours from 6kW to 6.5kW and then it drops 
down to 0kW during the next 4.5 hours. 
                                            
10 Medium car is considered either a lower medium or upper medium car. A lower medium 
car, such as Vauxhall Astra, is assumed to be used for a small family, while an upper 
medium car, such as Ford Mondeo, for a large family. 
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Figure 4-9: Charging profiles of Pb-acid, Li-ion and NiMH batteries [267]. The 
Pb-acid based GM EV1 has a capacity of 27.19 kWh, the NiMH based Toyota 
RAV4 has a capacity of 32 kWh, whilst the Li-ion based Nissan Altra has 29.07 
kWh when fully charged from a fully discharged state. 
 
One EV with a Li-ion or NiMH battery, thus requiring 5 hours of charging at 
7kW, is considered for each either gas or electrically heated typical 
household11. Charging of the vehicle is assumed to be taking place at home 
                                            
11 The assumption of an EV per home could be challenged, as the number of houses able to 
have electric vehicles depends on network conditions. Thus a network model would be 
required for an accurate assessment; however this is not the focus of this thesis and could 
be studied in detail in battery storage projects specializing on that aspect. 
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in 2030. There are two time periods that customers can choose to charge 
their electric vehicle; one is right after they come back from work, i.e. at peak 
consumption time, and the other is during the night, when household 
consumption is typically low, as shown in Figure 4-10. 
 
 
Figure 4-10: Periods of low and peak demand for a typical day for the 
residential sector and indication of the period when off-peak EV charging 
takes place 
 
Taking into consideration the peak demand for the household sector 
calculated in section 4.4.4.2, if the EV charging is to take place right after the 
customers return from work, the peak demand would be affected as shown in 
Table 4-10, as well as in Figure 4-11 and Figure 4-12. The scenario in which 
electrification of transport in 2030 takes place is indicated as Te 2030. 
Especially when charging is taking place on on-peak times, the scenario is 
indicated as Te 2030 on-peak. 
 
Table 4-10: Peak demand range (kW) after inclusion of one EV per household 
and on-peak EV charging 
Gas heating Electric heating 
Scenario Winter Summer Winter Summer 
min max min max min max min max 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 
9.3 17.4 8.6 14.6 10.1 17.5 8.6 14.6 Te 2030 on-peak 
0 24h
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Figure 4-11: Peak electricity demand in BS 2015, BAU 2030, EE 2030, DR 2030 
and Te scenarios for a gas heated property 
 
 
 
 
 
Figure 4-12: Peak electricity demand in BS 2015, BAU 2030, EE 2030, DR 2030 
and Te scenarios for an electrically heated property 
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This concept is, however, inefficient and energy intensive, as there is a 
significant impact on the peak demand. If the EV charging happens during 
the night, when the demand is lower, the impact would be lower, as 
discussed later in section 4.4.2.2.4. Overnight charging would help to 
smoothen the load curve without adding extra load during the periods of high 
demand already. This is also supported by the observations by the 
Committee on Climate Change [269] and Element Energy [268], who claim 
that the majority of EV charging is expected to occur overnight and that 
access of overnight charging is a pre-requisite to a BEV purchase. So 
although the benefits of overnight charging are recognized, this work 
examined the implications of both on-peak and off-peak/overnight EV 
charging on the provision for electricity storage. Hence, the impact on the 
peak demand from the alternative option of overnight charging is presented 
in section 4.4.2.2.4, after load profiles are discussed. 
 
4.5 Load profiles for a single household 
4.5.1 Load profile classes 
There are currently two different load profile classes in terms of electricity 
use pattern for the domestic sector in the UK: the load profile class 1 and the 
load profile class 2. Class 1 accounts for 22 million customers whose 
electricity meters do not distinguish by time-of-day and who pay a uniform 
rate at all times of day [265]. Customers belonging to class 2 have the 
potential to be billed separately for specific hours during the day. Their 
consumption can therefore be separately measured and billed on a two- or 
three-part off-peak/peak hours tariff, which is also called Economy 7 or 
Economy 10 tariff according to the number of off-peak hours (7 or 10). It is 
estimated that about 5 million customers belong to Class 2 [265]. The 
demand curves for the two classes for winter when the highest demand 
occurs and summer when the demand is low are shown in Figure 4-13 and 
Figure 4-14. The high overnight consumption in the two figures is due to the 
use of electrical storage heaters, which store thermal energy during the night 
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when base load electricity is at lower cost and release the heat during the 
day as required. 
 
 
Figure 4-13: Winter weekday demand profiles for domestic demand (Load 
profiles for classes 1 & 2) (adjusted by author) [265] 
 
 
Figure 4-14: Summer weekend demand profiles for domestic demand (Load 
profiles for classes 1 & 2) (adjusted by author) [265] 
 
Class 1
Class 2
Class 1
Class 2
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The difference on the electricity consumption pattern between the 
unrestricted and the restricted customers is obvious in winter, as for the 
restricted customers (red line) the demand is shifted in response to 
household time-of-use pricing for electric loads. So when off-peak electricity 
pricing occurs, electric storage heaters are put in operation, hence the high 
electricity demand. The demand curves are smoother in summer and there is 
considerable similarity in respective patterns of use between the two load 
profiles. In addition, load profile class 2 average consumption during the 
winter and summer evening peak hours is notably less than that of class 1 
customers. However, according to DECC [265], the two load profile classes 
seem to have similar average values for electricity consumption overall for 
winter and summer respectively [265]. This work focused on Class 1 
standard domestic profile, as it is more popular at present and also because 
according to BRE [270] a reduced usage of electric storage heaters and thus 
a reduced number of Class 2 customers is expected in the future. 
 
4.5.2 Daily load profiles 
4.5.2.1 Average daily load profiles 
For the purpose of this study the author contacted ELEXON to obtain daily 
load profiles for the residential sector in the UK. The daily average load 
profiles for winter and summer, as well as for weekdays and weekend, which 
were used in this study, are presented in Figure 4-15. The curves were 
drawn according to the detailed half-hourly data of electricity demand per 
customer in the domestic sector in the year 2012/2013, provided by ELEXON 
[242]. These data correspond to unrestricted customers (Class 1) in gas 
heated households and were the latest produced by ELEXON at the time this 
work was undertaken. ELEXON is the Company established under the 
provisions of the Balancing and Settlement Code (BSC) [271]. The BSC 
includes the rules and governance policies for electricity balancing and 
settlement in Great Britain, and ELEXON is responsible for ensuring its 
proper and effective implementation. The creation of the load profile data is 
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performed by recording and analyzing half-hourly demand data from a 
representative sample of customers for the specific profile class (Class 1)12. 
The load profiles by ELEXON give the half-hourly pattern or ‘shape’ of usage 
across a day for the average Class 1 customer. It is the proportion of 
demand in each half-hourly period that is of interest and is used to produce 
the BSC.  
 
 
Figure 4-15: Domestic load profiles for unrestricted customers in gas heated 
households [246] 
 
Very apparent are the two peaks in the morning and the evening hours on 
weekdays for summer and winter, the summer curve being flatter though. As 
the range of domestic demand on weekdays and weekends according to 
Hesmondhalgh [265] is found to be very similar in the UK, the peak demand 
range which, occurs at 6-7pm, is assumed to be the same for summer 
weekdays and weekend, as well as for winter weekdays and weekend. The 
ELEXON weekday profiles presented in Figure 4-15 present great similarity 
to the profiles for the social sector in the UK, designed by and presented in 
                                            
12 More details about the process can be found in ELEXON’s guidance on load profiles and 
their use in Electricity Settlement [272]. 
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Kreutzer and Knight [243]. The weekend profiles in Figure 4-15 are much 
smoother than the weekday ones and the peak demand is about 10% higher 
from about 9am to 4pm for a day in the weekend than a weekday, due to 
higher occupancy and thus increased electricity loads in the home. 
Furthermore, in summer the peak demand occurs about 3-4 hours later than 
in winter. This can be attributed to the fact that people spend more time 
outdoors in summer, when the day is longer, so come back home later than 
winter, when the day is short. In addition, on weekends the peak demand 
occurs about half an hour later than on weekdays, which is due to the fact 
that people tend to spend more time outdoors on weekends. 
 
4.5.2.2 Winter and summer peak demand range for a single household in 
2030 
Based on the load profiles above, the peak demand of a single household 
when off-peak EV charging is applied can be specified13. Assuming that 5 
hours are needed to charge an EV as shown in Figure 4-9, those hours with 
the lowest load during the night needed to be specified. Using the half-hourly 
data for domestic unrestricted customers from ELEXON [246], the hours 
during the night with the lowest load and thus the overnight EV charging 
times are indicated in Table 4-11. 
 
 
 
 
 
 
 
 
 
                                            
13 In order to gain a better understanding, the following sources that are relevant to EV 
vehicle charging patterns in the UK and Ireland are suggested for further reading: [273-276]. 
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Table 4-11: Half-hourly electricity demand data for domestic unrestricted 
customers (data collated and synthesized from ELEXON [246]) 
 
Overnight EV 
charging times*!
Winter peak 
demand: 6-7pm!
Summer peak 
demand: 9.30-10pm!
*Note that on weekends the optimal period for EV charging is half an hour 
later than on weekdays. This period is 5 hours and is when the lowest load 
occurs.!
%"of"peak"load"
Summer&
weekday&
Summer&
weekend&
Winter&
weekday&
Winter&
weekend&
00:00& 62.5& 72.5& 44.6& 51.1&
51.8& 60.8& 35.9& 43.3&
01:00& 44.6& 52.9& 30.4& 35.6&
39.3& 45.1& 27.2& 31.1&
02:00& 37.5& 43.1& 25.0& 27.8&
35.7& 41.2& 23.9& 25.6&
03:00& 33.9& 39.2& 22.8& 24.4&
33.9& 37.3& 22.8& 23.3&
04:00& 33.9& 39.2& 21.7& 23.3&
33.9& 37.3& 21.7& 23.3&
05:00& 33.9& 39.2& 22.8& 23.3&
35.7& 39.2& 23.9& 24.4&
06:00& 37.5& 39.2& 26.1& 25.6&
42.9& 43.1& 33.7& 30.0&
07:00& 53.6& 51.0& 42.4& 35.6&
66.1& 64.7& 56.5& 43.3&
08:00& 69.6& 68.6& 68.5& 51.1&
73.2& 72.5& 67.4& 56.7&
09:00& 73.2& 84.3& 62.0& 62.2&
71.4& 84.3& 56.5& 63.3&
10:00& 71.4& 84.3& 54.3& 63.3&
69.6& 84.3& 53.3& 63.3&
11:00& 69.6& 82.4& 52.2& 63.3&
66.1& 80.4& 51.1& 62.2&
12:00& 67.9& 82.4& 51.1& 62.2&
71.4& 86.3& 53.3& 65.6&
13:00& 69.6& 82.4& 53.3& 65.6&
66.1& 80.4& 51.1& 64.4&
14:00& 62.5& 74.5& 48.9& 60.0&
62.5& 72.5& 47.8& 57.8&
15:00& 62.5& 70.6& 50.0& 58.9&
64.3& 72.5& 51.1& 58.9&
16:00& 66.1& 76.5& 57.6& 62.2&
75.0& 78.4& 69.6& 70.0&
17:00& 89.3& 90.2& 84.8& 81.1&
94.6& 94.1& 96.7& 92.2&
18:00& 92.9& 94.1& 100.0& 98.9&
91.1& 94.1& 100.0& 98.9&
19:00& 89.3& 92.2& 98.9& 100.0&
85.7& 90.2& 95.7& 98.9&
20:00& 82.1& 90.2& 91.3& 93.3&
85.7& 94.1& 87.0& 88.9&
21:00& 91.1& 96.1& 84.8& 82.2&
100.0& 98.0& 83.7& 81.1&
22:00& 100.0& 100.0& 78.3& 76.7&
96.4& 96.1& 72.8& 71.1&
23:00& 85.7& 92.2& 64.1& 65.6&
73.2& 82.4& 53.3& 57.8&
Peak load shifting period!
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As observed in Table 4-11, in winter and summer weekdays it is best to 
charge an EV from 1.30-6.30am, while on weekends the best time for EV 
charging is from 2-7pm. On weekends the demand during these hours is also 
a bit higher than on weekdays, ranging from 37.3% to 43.1% of the peak 
load in summer and from 23.2% to 30% of the peak load in winter. The peak 
demand of the household for summer and winter when off-peak charging is 
applied is calculated as follows: 
• For summer weekday (at 1.30am) 
PDTe 2030 off-peak=PDEE 2030*39.3%+7kW+(PDEE 2030 – PDDR 2030)/24 
• For summer weekend (at 1.30am or 6am) 
PDTe 2030 off-peak=PDEE 2030*43.1%+7kW+(PDEE 2030 – PDDR 2030)/24 
• For winter weekday (at 1.30am) 
PDTe 2030 off-peak=PDEE 2030*27.2%+7kW+(PDEE 2030 – PDDR 2030)/24 
• For winter weekend (at 6am) 
PDTe 2030 off-peak=PDEE 2030*30%+7kW+(PDEE 2030 – PDDR 2030)/24 
 
where PD stands for Peak Demand and the subscripts refer to the scenarios. 
 
Assuming 3 hours for the DR mechanism as DECC [265] suggests, it is also 
observed that the optimal period for peak shifting is from 8-11pm in summer, 
and 5.30-8.30 in winter. During these two periods the highest daily load is 
expected to occur according to Table 4-11. The electricity peak demand 
range for a single household in winter and summer in all scenarios is 
presented in Table 4-12. In the Te 2030 scenario, if the occupants are to 
charge their EV right after they come home from work, while the electricity 
load of the home is already high (i.e. at 100% of the peak load), the peak 
electricity demand range in winter is expected to be about 9.3kW-17.4kW for 
a gas heated household and 10.1-17.5kW for an electrically heated 
household. There is huge potential, however, to reduce these values if 
overnight charging is applied. Hence, if EV charging is applied from about 
2am to 7am, when the lowest demand of the home occurs (i.e. at 30% of the 
peak load), the overall electricity peak demand range becomes 7.7-10.1kW 
for a gas heated household and 7.9-10.1kW for an electrically heated 
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household. It is, therefore, remarkable how big an impact on peak demand 
different charging times can have. An illustration of the minimum and 
maximum peak demands in each scenario is provided in Figure 4-16 and 
Figure 4-17. 
 
Table 4-12: Peak demand range (kW) in all scenarios 
Gas heating Electric heating 
Scenario Winter Summer Winter Summer 
min max min max min max min max 
3.0 13.9 2.5 11.5 4.8 16.3 2.5 11.5 BS 2015 
3.3 15.4 2.8 12.7 5.3 18.0 2.8 12.7 BAU 2030 
2.3 10.8 1.9 8.9 3.7 12.6 1.9 8.9 EE 2030 
2.3 10.4 1.6 7.6 3.1 10.5 1.6 7.6 DR 2030 
9.3 17.4 8.6 14.6 10.1 17.5 8.6 14.6 Te 2030 on-peak 
7.6 9.9 (10.4)* 7.8 10.6 8.0 10.5 7.8 10.6 
Te 2030 
off-peak 
weekdays 
7.7 10.2 (10.4)* 7.9 10.9 8.1 10.9 7.9 10.9 
Te 2030 
off-peak 
weekends 
* Value in parenthesis in Te 2030 off-peak row indicates actual maximum daily peak load at 
6-7pm based on DR 2030 scenario. 
 
 
Figure 4-16: Peak electricity demand in all scenarios for a gas heated 
property 
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Figure 4-17: Peak electricity demand in all scenarios for an electrically heated 
property 
 
For a better understanding of the peak demand ranges in each scenario, 
Figure 4-18, Figure 4-19 and Figure 4-22 are provided below. Figure 4-18 
refers to the winter period for gas heated households, Figure 4-19 refers to 
the winter period for electrically heated households and Figure 4-22 refers to 
the summer period for both gas and electrically heated households. It is 
apparent in Figure 4-18 and Figure 4-19 how big a difference the time of the 
EV charging makes. In terms of electricity storage requirements, the lower 
the peak demand the smaller the size of the inverter and thus the smaller the 
size and cost of the overall storage system. Therefore, there is great 
potential for reduced size and costs of the overall storage system in the Te 
2030 off-peak scenario. 
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Figure 4-18: Winter electricity peak demand range for gas heated households 
in all scenarios 
 
 
Figure 4-19: Winter electricity peak demand range for electrically heated 
households in all scenarios 
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indicated in the Te 2030 off-peak charging column. Because different timing 
is applied, this value applies only to 6.30am, which is when the highest 
overnight load occurs as seen in Table 4-11. Therefore, the highest load 
during the day remained 10.4kW as indicated in parenthesis, which is taken 
from the DR 2030 scenario and occurs at 6-7pm. 
 
Assuming the typical voltage value of 230V for a single property, as indicated 
in section 4.1 (p.103), and considering typical fuse amperage14 provided by 
the UKPN [235], the allowable electric power and thus peak demand P in a 
domestic property is calculated from the equation below: 
P= V * I 
where P is the electric power measured in Watts (W) 
V is the voltage measured in Volts (V) and 
I is the electrical current, measured in Amps (A) 
 
This means that: 
• properties pre 1940 would be able to handle a peak demand value of 
up to 6.9kW (=230V*30A) 
• properties pre 1960 would be able to handle a peak demand value of 
up to 13.8kW (=230V*60A) 
• properties between 1960 and 1980 would be able to handle a peak 
demand value of up to 13.8kW (=230V*60V) or 23kW (=230V*100V) 
depending on the electrical installation 
• properties after 1980 would be able to handle a peak demand value of 
up to 23kW (=230V*100V) 
 
This correlation of peak demand capability according to the installed fuse in 
each case is illustrated in Figure 4-20 and Figure 4-21. 
                                            
14 According to UKPN [235], 
• Domestic properties pre 1940 could have a 30A fuse 
• Domestic properties pre 1960 could have a 60A fuse 
• Domestic properties from 1960 to 1980 could have either 60/100A fuse 
• Domestic properties after 1980 generally have a 100A fuse 
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Figure 4-20: Correlation of peak demand capability and age of properties for 
gas heated households 
 
 
Figure 4-21: Correlation of peak demand capability and age of properties for 
electrically heated households 
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amperage. This, however, would need a detailed study for each property, so 
was not examined here. 
 
As for the summer period in 2030, the assumptions are the same for the gas 
and the electrically heated households, as no heating is assumed to take 
place in summer. Thus, there is only one graph, which is the same for both 
cases (gas/electric heating) and is presented in Figure 4-22. As the peak 
demand in summer is a lower value than winter, the values for the different 
scenarios are affected at a smaller extent by the increase or decrease of 
demand due to the measures taking place. The biggest impact is from the 
electrification of transport and the subsequent inclusion of one EV per 
household. This caused the demand to peak at about 14.6kW in the case of 
on-peak vehicle charging, while the demand decreases to 10.3kW if off-peak 
charging is applied. It is therefore observed that smaller energy savings in 
the order of 4kW are achieved from off-peak charging in summer, while in 
winter, savings of about 7kW for gas or electrically heated properties could 
be achieved, as shown in Figure 4-18 and Figure 4-19. 
 
 
Figure 4-22: Summer electricity peak demand range for gas and electrically 
heated households in all scenarios 
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each scenario, drawn by the author. These load profiles helped to design 
better for storage in the case of the autonomy period in the range of hours, 
as seen in section 5.3. For the gas heated households the analysis was 
based on the combination of the four profiles presented in Figure 4-15, which 
were used for BAU 2030, and the assumptions regarding peak demand in 
each scenario. The profile in BAU 2030 was therefore used as a base case 
and the rest of the profiles are depicted as a percentage of the peak demand 
in the BAU scenario. Thus, the electricity demand profiles for a typical 
weekday and weekend day in winter and summer were drawn for each 
scenario for a single household. The peak demand values calculated above 
are not displayed in the half-hourly profiles, as they represent a spike during 
a 2-minute interval and are not associated with actual half-hourly values. 
The range of the daily demand profiles for gas heated households in EE 
2030 is presented in Figure 4-23 and Figure 4-24. Note that the profiles are 
the same for the summer period for both types of properties, as heating is 
not provided in summer. Moreover, as explained in section 4.5.2.1, the peak 
demand range is assumed to be the same for weekdays and weekend in 
winter and summer. The daily demand profiles, however, present differences 
depending not only on the time of year (winter/summer), but also on the day 
of the week (weekday/weekend). The main difference is a smoother daily 
demand curve in summer than in winter, and also a later peak in summer as 
seen in Figure 4-24. Furthermore, the weekends compared to the weekdays 
present a flatter curve too. 
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4.5.2.2.1 Load profiles for single gas heated households in EE 2030 
 
Figure 4-23: Winter weekday and weekend peak demand range for single gas 
heated household in EE 2030 
 
  
Figure 4-24: Summer weekday and weekend peak demand range for single 
gas/electrically heated household in EE 2030 
 
4.5.2.2.2 Load profiles for electrically heated households in BAU 2030 and EE 2030 
The daily load profiles for gas heated properties have been used as a base 
for the electrically heated households for the hours when space heating is 
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not provided. Then according to the timing of the space heating on weekdays 
and weekends an additional block of demand was included on top of the 
base profiles for the heating period, informed by the % difference in peak 
demand range that is already calculated for the electrically heated properties 
in section 4.4.3 and 4.4.4.1. The additional block addresses the heating 
demand met by electrical energy, on top of the electrical energy required to 
run the electrical loads of the households. 
Heating is assumed to be used two times per day; one in the morning and 
one in the evening, as Hawkes and Leach [277] suggest. As no set of 
detailed data for daily heat demand has been retrieved, Figure 4-25 is 
illustrational only and presents the two significant blocks of heat demand on 
a winter day in the UK by Hawkes and Leach [277]. 
 
Figure 4-25: Heat demand profile for a winter day [277] 
 
It is likely that a heat demand profile varies significantly from dwelling to 
dwelling, but for the purpose of this study electric heating is assumed to take 
place for 4 hours in the morning and 6 hours in the evening on weekdays. 
More specifically heating would be used from 6am to 10am when the 
occupants wake up and get ready for work as well as from 6pm to 12am, 
when people come back home from work until they go to bed. For the winter 
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weekend profile, it is assumed that heating is on from 6am until midnight, 
due to higher occupancy on those days. The winter weekday and weekend 
peak load ranges for electrically heated households in BAU 2030 and EE 
2030 would be shaped as shown in Figure 4-26, Figure 4-27, Figure 4-28 
and Figure 4-29. 
 
Figure 4-26: Winter weekday peak demand range for single electrically/gas 
heated household in BAU 2030 
 
 
Figure 4-27: Winter weekend peak demand range for single electrically/gas 
heated household in BAU 2030 
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Figure 4-28: Winter weekday peak demand range for single electrically/gas 
heated household in EE 2030 
 
The hours when the heating is on are clear on Figure 4-26 and Figure 4-28, 
as the two peaks in the morning and in the evening are now sharper due to 
the extra electric heat load. Please note that the graphs present ranges, so 
the increase of the electricity demand due to the electrification of heating is 
not proportional to the electricity demand required for the gas heated 
properties. 
 
Figure 4-29: Winter weekend peak demand range for single electrically/gas 
heated household in EE 2030 
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It is clear from Figure 4-27 and Figure 4-29 that the demand range is 
smoother on weekends, especially from 9am to 6pm. Electricity for heating is 
consumed for a longer period of time than on a weekday, so there is 
constantly an additional electric load from heating for 18 hours instead of 10 
hours, which is the case for weekdays. 
4.5.2.2.3 Load profiles for electrically heated households in DR 2030 
This section addresses only electrically heated households as these present 
higher potential for demand response measures. Load shifting is assumed to 
take place at the evening peak in winter and summer. This denotes a shift of 
17% of the peak load at 5.30-8.30pm to the rest hours of the day. An even 
distribution of the shifted load is thus assumed over the rest of the winter 
day. Figure 4-30 presents an illustration of the impact of this measure on the 
peak demand range on a winter weekday in relation to the peak demand 
range in BAU 2030. 
  
Figure 4-30: Winter weekday peak demand range in EE 2030 and in DR 2030 
indicating the effect of peak load shifting 
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The comparison between the winter weekday and winter weekend load 
curves is presented in Figure 4-31. Again, as expected, the load curve in 
weekend is smoother than the one on a weekday. In winter DR is applied 
between 5.30-8.30pm, as explained in Table 4-11. 
 
  
Figure 4-31: Winter weekday and weekend (dashed line) peak demand range 
for a single electrically heated household in DR 2030 
 
Figure 4-32 presents the summer ranges for the peak demand on a weekday 
and on a day in the weekend (dashed line). A reduction of 15% on the peak 
load was applied, as it was assumed, and in summer DR is applied between 
8-11pm, as this is the time when the peak load occurs. 
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Figure 4-32: Summer weekday and weekend (dashed line) peak demand 
range for a single household in DR 2030 
 
4.5.2.2.4 Load profiles for electrically heated households in Te 2030 
In the Te 2030 off-peak scenario, EV charging takes place from 1.30-6.30am 
in summer and winter weekdays and from 2-7am in summer and winter 
weekends, as explained in Table 4-11. The graphs for off-peak charging for 
winter and summer are presented in Figure 4-33 and Figure 4-34 below. It is 
observed that in summer there is at least 40% increase of the peak load due 
to the inclusion of the EV. 
 
Figure 4-33: Winter weekday and weekend peak demand range for a single 
household in Te 2030 off-peak 
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Figure 4-34: Summer weekday and weekend peak demand range for a single 
household in Te 2030 off-peak 
 
If on-peak EV charging is applied, then the range of load profiles becomes as 
shown in the graphs below. Obviously if the occupants charge their EV right 
after they come back from work, the peak load at 6pm reaches a high value 
for an extended period of time (Figure 4-35), namely 5 hours which is the 
time the EV needs for a full charge (assuming the battery is fully depleted 
when the car arrives home). The peak demand in Te 2030 on-peak during 
the evening hours nearly equals the demand in BAU 2030. Similarly, as 
shown in Figure 4-36, the peak load can reach a high value in summer 
months, such that it exceeds the peak demand in BAU 2030 during the 
evening hours. 
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Figure 4-35: Winter weekday and weekend peak demand range for a single 
household in Te 2030 on-peak 
 
Figure 4-36: Summer weekday and weekend peak demand range for a single 
household in Te 2030 on-peak 
 
The impact of all measures discussed above (i.e. energy efficiency, peak 
load shifting and electrification of transport with off-peak charging) on the 
daily load profile of a domestic property on a winter weekday in 2030 is 
presented in Figure 4-37. Using the range of the load profiles for BAU 2030 
for winter as a base, the amended range of the load profiles for the rest of 
the scenarios are superimposed in transparent colours. The reduction of the 
upper bound of the peak load is apparent at 6pm which is due to energy 
efficiency and peak load shifting. In addition including an EV, which is 
charged from 1.30-6.30am, the demand at 1.30am equals the peak at 6pm 
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signifying a double peak with the same value. As for the lower bound of the 
peak demand range, it is similarly reduced 6pm. However, by applying EV 
charging during nighttime, the lower bound at 1.30am then far exceeds the 
peak at 6pm, signifying a new peak at a new time. Hence, properties with 
currently low peak demand values are bound to experience a much 
higher peak in the early morning hours in winter under the Te 2030 off-
peak scenario. 
 
Similarly, Figure 4-38 shows the impact of all measures on the daily load 
profile of a domestic property on a summer weekday in 2030. The graphs for 
summer in BAU 2030, EE 2030, DR 2030 and Te 2030 off-peak have been 
superimposed in this occasion. The maximum peak demand range at 6pm is 
reduced by 30% in EE 2030 and then by 15% in DR 2030. In addition 
including an EV, which is charged during the night from 1.30-6.30am, the 
new peak demand at 1.30am far exceeds the demand at 6pm, signifying a 
new peak at a new time for properties with either high or low peak demand 
values. Hence, properties are bound to experience a much higher peak 
in the early morning hours in summer under the Te 2030 off-peak 
scenario. 
138 
  
 
Figure 4-37: Evolution of load profiles in all scenarios for a single household on a winter weekday 
in 2030 (graphs of BAU 2030, EE 2030, DR 2030 and Te 2030 off-peak are superim
posed in this 
order, according to the num
bers in the m
iddle) 
 
 
Figure 4-38: Evolution of load profiles in all scenarios for a single household on a sum
m
er 
weekday in 2030 (graphs of BAU 2030, EE 2030, DR 2030 and Te 2030 off-peak are superim
posed 
in this order, according to the num
bers in the m
iddle) 
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4.6 Daily electricity consumption 
4.6.1 Single gas heated household weekday 
A range of daily electricity consumption figures for the domestic sector needs 
to be calculated for winter and summer, as well as for the weekdays and the 
weekend15. Regarding the daily electricity consumption of a single gas 
heated household, according to Kreutzer and Knight [243], the winter 
average value for the UK is 11.5 kWh. This value was taken from 
measurements in 2003, so an estimation of the value in 2015 and 2030 
needs to be made. Taking into account the experimental regional and local 
authority electricity consumption statistics for 2003-2004 by the Department 
for Business Enterprise and Regulatory Reform [278] and a publication from 
DECC under the title ‘Energy trends’ [279], there is an overall decrease in 
electricity consumption of about 5% over the years 2003-2010. In addition, 
as for the estimation of the electricity consumption in 2015, DECC [66] 
projects 5% increase between 2010-2015, so no change is assumed to take 
place from 2003 to 2015 overall. Therefore, the average value for the 
electricity consumption in a gas heated household is assumed to be 
11.5kWh in 2015. 
 
As no information for the minimum and maximum values has been found in 
the literature, a minimum value of 8 kWh (two-thirds of the average [280]) 
and a maximum value of 18 kWh (50% more [280]) are assumed for the 
winter period. 
 
It is also assumed that the average electricity consumption for a single UK 
household in summer is lower than in winter, as the lights and the oven are 
                                            
15 It is reminded to the reader that the hourly demand profiles presented in section 5.4 were 
only discussed in order to show the impact the various measures would have on the profiles’ 
curve. As only actual peak demand values (in 2-minute intervals) were available and could 
not be included in the average smoothed profiles, the estimation of the electricity 
consumption could not be performed through the use of the profiles. Therefore, information 
from the literature was sought. 
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less used. So taking into consideration the daily load profiles provided by 
ELEXON [265], the average summer value is assumed to be about 3.5 kWh 
lower than the average winter value, that is 8 kWh. So again, the minimum 
and the maximum values are calculated as above and are 5 kWh and 12 
kWh respectively. 
 
The electricity consumption values for the social sector, however, would be 
lower than the ones calculated above and they need to be included in the 
consumption range as the social sector residences form part of the domestic 
sector. So taking into consideration the data provided for the social sector, 
where the average winter value for a single household is 10 kWh [243], it is 
assumed that the extremes are in the range of 7 kWh and 15 kWh. For the 
summer period, the average value, according to [243] is 7.8 kWh, so the 
minimum and maximum values are estimated at about 5 kWh and 10.5 kWh 
respectively. 
 
So all in all, the range for the daily electricity consumption for a single gas 
heated household is found to be 7-18 kWh in winter and 5-12 kWh in 
summer of 2015. The minimum values for both seasons account for the 
social sector. The generally lower consumption in that sector compared to 
the national average can be explained by the absence of high energy 
consumers such as dishwashers as well as a low ownership level of 
refrigeration [243]. 
 
According to DECC’s projections [66], an increase of 10.4% on the domestic 
electricity consumption is expected to take place between 2015 and 2030. So 
the projected electricity consumption range for a gas heated household is 
7.7-19.9 kWh in winter and 5.5-13.3 kWh in summer of 2030. 
 
4.6.2 Single gas heated household weekend 
The electricity consumption is generally higher at the weekends, as people 
tend to spend more time at home. This means they need energy to power 
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lights, appliances and any other electrical equipment while at home. Figure 
4-39 gives an idea of what the winter profile of a single average UK 
household could look like on a weekday and weekend. It clearly highlights 
the difference in electricity usage between these two days. More specifically, 
demand is higher in the period between 9am and 4pm at the weekend than 
the equivalent time on a weekday. 
 
Figure 4-39: Weekend and weekday winter electricity usage for an average 
UK gas heated property [281] 
 
It can be assumed from Figure 4-39 that the domestic consumption on a day 
in the weekend is on average about 1kWh higher than the consumption on a 
weekday [281]. Therefore, the figures calculated above for a weekday can be 
adjusted for a day in the weekend as follows: the electricity consumption for 
a single gas heated household is assumed to be 8.0-19.0 kWh in winter 
and 6.0-13.0 kWh in summer of 2015, while for 2013 the consumption 
would be 8.7-20.9 kWh in winter and 6.5-14.3 kWh in summer. 
 
4.6.3 Electricity consumption for a single electrically heated household in 
BAU 2030 
According to DECC [66], the electrification of heating could increase the UK 
domestic electricity consumption in 2030 by 4% in a medium case scenario. 
The medium case scenario assumes the installation of air source or ground 
source heat pumps in about 14% of the households. If all domestic heating 
was provided by electricity, it is estimated that there would be 28% increase 
in 2030. As in the study it is assumed that the households run 100% in 
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electricity in 2030, considering an even distribution of this increase, the daily 
electricity consumption range for a single household would be 28% higher 
than the range for a gas heated household. Therefore, the range for the 
winter would be 9.0-23.4 kWh for a weekday and 10.2-24.3 kWh for a day 
in the weekend. In summer, it is assumed that no heating takes place, so 
the summer ranges for the weekdays and weekend is the same as for 
the gas heated properties. 
 
The overall daily electricity consumption ranges for a single household in 
2030 are presented in Table 4-13. Note that the summer ranges for the 
electrically heated properties are the same as for the gas heated properties, 
as it is assumed that no heating takes place in summer. 
 
Table 4-13: Daily electricity consumption range for a single household in BS 
2015 and in BAU 2030 
 
Gas heated properties (kWh) Electrically heated properties (kWh) 
Winter Summer Winter Summer 
Wd We Wd We Wd We Wd We 
min max min max min max min max min max min max min max min max 
BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 
BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 
Wd: Weekday, We: Weekend 
 
All the values presented in Table 4-13 have been analyzed above, except for 
the values in Winter 2015 for an electrically heated property. These are 
derived from the relevant values in the BAU 2030 scenario and by using 
DECC’s [66] assumption of 10.4% increase in electricity consumption 
between 2015 and 2030, under the current trends. 
 
4.6.4 Electricity consumption for a single electrically heated household in EE 
2030 
A potential of 30% reduction through efficiency measures, regardless 
whether winter or summer is assumed. The updated figures for a single 
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domestic property in 2030 after energy efficiency improvements are applied 
to the property along with the figures from Table 4-13 are presented in Table 
4-14. 
 
Table 4-14: Daily electricity consumption range for a single household in BAU 
2030 and EE 2030 scenarios 
 
Gas heated properties (kWh) Electrically heated properties (kWh) 
Winter Summer Winter Summer 
Wd We Wd We Wd We Wd We 
min max min max min max min max min max min max min max min max 
BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 
BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 
EE 2030 5.4 13.9 6.1 14.6 3.9 9.3 4.6 10.0 6.3 16.4 7.1 17.0 3.9 9.3 4.6 10.0 
Wd: Weekday, We: Weekend 
 
It should be noted that energy efficiency is the only measure of the demand 
side management techniques that would affect the electricity consumption in 
the households. Peak shifting, which is also assumed for the 2030 scenarios 
would not affect the amount of electricity consumed daily, as the shift of the 
load only affects the timing of the electricity being consumed. Therefore, 
there is no DR 2030 scenario taking place for the electricity consumption. 
4.6.5 Electricity consumption for a single electrically heated household in Te 
2030 
According to the UK National Travel Survey of the Department for Transport 
[282], the average annual car mileage was 8,200 miles for 2012. It is, 
therefore, assumed that EVs would cover a distance of about 23 miles (or 
37km) daily. As discussed in section 4.4.5, one EV is assumed per 
household. Considering the data provided by Element energy [268], i.e. 
electricity consumption of 0.13-0.16 kWh/km in 2030, the daily EV electricity 
consumption would be about 4.8-6 kWh. This would affect at a great extent 
the daily electricity consumption range of a single household and assuming a 
consumption value of 6 kWh per car (i.e. per household), the new values in 
Te 2030 are shaped as shown in Table 4-15. It should be noted that the 
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timing of the EV charging does not make any difference on the electricity 
consumption, so there is no distinction between Te 2030 off-peak and Te 
2030 on-peak scenarios as discussed in section 4.4.5 regarding peak 
demand. 
 
Table 4-15: Daily electricity consumption range of a single household in 2015 
and 2030 
 
Gas heated properties (kWh) Electrically heated properties (kWh) 
Winter Summer Winter Summer 
Wd We Wd We Wd We Wd We 
min max min max min max min max min max min max min max min max 
BS 2015 7.0 18.0 8.0 19.0 5.0 12.0 6.0 13.0 8.2 21.2 9.3 22.0 5.0 12.1 6.0 13.0 
BAU 2030 7.7 19.9 8.7 20.9 5.5 13.3 6.5 14.3 9.0 23.4 10.2 24.3 5.5 13.3 6.5 14.3 
EE 2030 5.4 13.9 6.1 14.6 3.9 9.3 4.6 10.0 6.3 16.4 7.1 17.0 3.9 9.3 4.6 10.0 
Te 2030 11.4 19.9 12.1 20.6 9.9 15.3 10.6 16.0 12.3 22.4 13.1 23.0 9.9 15.3 10.6 16.0 
Wd: Weekday, We: Weekend 
 
It is apparent that the EVs at each home would hold a big share of the 
household electricity consumption in 2030, doubling the electricity 
consumption in some cases in summer, while adding about 30-50% to the 
pure household consumption in winter. The electricity consumption ranges 
for gas and electrically heated households in summer still have equal values, 
as no heating is assumed to be taking place during the summer period. The 
electricity consumption for a single household in 2015 and the different 
scenarios in 2030 is illustrated in Figure 4-40. 
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Figure 4-40: Electricity consumption range for a single gas or electrically 
heated household on weekdays in winter and summer for the different 
scenarios 
It is apparent from Figure 4-40 that there is a slight increase of the electricity 
consumption in BAU 2030 from BS 2015 for either gas or electrically heated 
household regardless whether winter or summer. In the following EE 2030 
scenario there is a huge consumption decrease of 30%. Finally, in Te 2030 
there is a considerable load added due to the inclusion of one EV in each 
household. The upper bound of the electricity consumption in this scenario 
for winter is either equal (in the case of gas space heating) or lower (in the 
case of electric space heating) than the consumption in the case that 
business continues as usual. This means that the EE measures would 
counterbalance the increase of electricity consumption due to the 
electrification of transport. In summer, due to the lower overall household 
consumption, the added electrical load due to EVs is considerably high. 
Similarly to the case with peak demand, as the electricity consumption in the 
UK is higher in winter than in summer, the winter values would be expected 
to inform the storage system’s design, which would be used all year round. 
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For the weekends, the overall picture of the different scenarios would be the 
same as Figure 4-40, the only difference being the slightly higher values, as 
presented in Table 4-15. 
 
4.7. Peak electricity demand for communities 
4.7.1 Diversity of electrical load 
In the case that the same distribution transformer supplies more than one 
property, diversity of the electrical load occurs. This means that in the case 
of a group of properties, it is unlikely that all properties would have their peak 
demand at the same time. Hence, they would have their maximum demand 
at different intervals of time. Table 4-16 presents good practice values for 
domestic connections with gas central heating and is provided by WPD 
[238]. WPD uses a value of 16kW per property in the design of electricity 
installations for communities. The diversity factor is the ratio of the sum of 
the individual non-coincident maximum electricity demands of the buildings 
individually to the total maximum demand of the complete electricity system 
of a group of buildings [283]. It is always greater than 1. The diversified load 
is the expected electrical load to be drawn per connection, according to the 
order (No of connections) specified in the left column, during a peak period in 
a group of buildings. 
 
Table 4-16: Diversity and diversified load for gas heated properties according 
to the number of connections [238] 
No. of 
connections Diversity 
Diversified 
Load (kW) 
per 
connection 
Overall peak 
demand of the 
system (kW) 
Diversity 
factor 
1st 1 16 16 1 
2nd 0.5 8 24 1.3 
3rd 0.33 5.28 29.28 1.6 
4th 0.2 3.2 32.48 2.0 
5th-9th 0.18 2.88 35.36 2.3 
10th-24th  0.144 2.304 46.88 3.4 
25th-49th  0.131 2.096 78.32 5.1 
50th onwards 0.125 2 128.32 6.2 
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For example, if the peak electricity demand of a single property is 10 kW, it 
does not mean that the peak demand of a system comprising 4 such 
properties would be 40 kW. According to WPD [238], there would be a 
diversity of: 
• 1 for the first property (100% of the load) 
• 0.5 for the second property (50% of the load) 
• 0.33 for the third property (33% of the load) and 
• 0.2 for the fourth property (20% of the load) 
This means the overall peak demand of the system and the diversity factor 
would be calculated as follows: 
PDsystem = 1*10 + 0.5*10 + 0.33*10 + 0.2*10 = 20.3kW 
Fdiversity = 
!∗!"!"!"!#$% = !"!".! = 1.97 
The overall peak demand of the system would therefore be 20.3kW and the 
diversity factor 1.97. 
 
4.7.2 Gas heated properties 
For the gas heated properties, the peak electricity demand range calculated 
in section 4.4.3 for a single property for the different scenarios in winter and 
summer in 2030 is used to calculate the range for multiple properties. The 
diversity values according to the number of connections are provided by 
WPD [238]. The maximum number of properties that this study assessed is 
75, as specified in section 4.3.2. If there are more than 50 connections the 
diversity remains 0.125, according to WPD. Table 4-17 shows the diversified 
load per connection for BS 2015 for winter and summer. The diversified load 
for the rest of the scenarios is included in Appendix B. 
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Table 4-17: Diversified load for gas heated properties per connection in BS 
2015 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
  min max min max 
1 1 3.0 13.9 2.5 11.5 
2 0.5 1.5 7.0 1.3 5.8 
3 0.33 1.0 4.6 0.8 3.8 
4 0.2 0.6 2.8 0.5 2.3 
5 0.18 0.5 2.5 0.5 2.1 
10 0.144 0.4 2.0 0.4 1.7 
25 0.131 0.4 1.8 0.3 1.5 
50 0.125 0.4 1.7 0.3 1.4 
75 0.125 0.4 1.7 0.3 1.4 
 
 
In order to figure out what the demand range in each community scale (i.e. 2-
75 households) would be, the values of the diversified load above have been 
multiplied with the respective number of connections.  Table 4-18 presents 
the peak demand range for the gas heated households for BS 2015, 
according to the values calculated in Table 4-17. The peak demand tables 
for the rest of the scenarios are included in Appendix B. An illustration of the 
peak demand range for all scenarios is also provided in Figure 4-41-Figure 
4-54. 
 
 
Table 4-18: Peak demand range for gas heated communities in BS 2015 
No. of 
connections 
Winter Summer 
min max min max 
1 3 13.9 2.5 11.5 
2 4.5 20.9 3.8 17.3 
3 5.5 25.4 4.6 21.0 
4 6.1 28.2 5.1 23.3 
5 6.6 30.7 5.5 25.4 
10 9.2 42.7 7.7 35.4 
25 15.7 72.6 13.1 60.0 
50 25.5 118.0 21.2 97.6 
75 34.8 161.4 29.0 133.6 
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Figure 4-41: Winter peak demand range for gas heated communities in BS 
2015 
 
 
 
Figure 4-42: Summer peak demand range for gas heated communities in BS 
2015 
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Figure 4-43: Winter peak demand range for gas heated communities in BAU 
2030 
 
 
 
Figure 4-44: Summer peak demand range for gas heated communities in BAU 
2030 
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Figure 4-45: Winter peak demand range for gas heated communities in EE 
2030 
 
  
 
Figure 4-46: Summer peak demand range for gas heated communities in EE 
2030 
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Figure 4-47: Winter peak demand range for gas heated communities in DR 
2030 
 
 
Figure 4-48: Summer peak demand range for gas heated communities in DR 
2030 
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Figure 4-49: Winter peak electrical demand range for gas heated communities 
in Te 2030 with on-peak EV charging 
 
 
 
Figure 4-50: Summer peak electrical demand range for gas heated 
communities in Te 2030 with on-peak EV charging 
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Figure 4-51: Winter peak electrical demand range for gas heated communities 
in Te 2030 with off-peak EV charging on weekdays 
 
 
Figure 4-52: Summer peak electrical demand range for gas heated 
communities in Te 2030 with off-peak EV charging on weekdays 
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Figure 4-53: Winter peak electrical demand range for gas heated communities 
in Te 2030 with off-peak EV charging on weekends 
 
 
Figure 4-54: Summer peak electrical demand range for gas heated 
communities in Te 2030 with off-peak EV charging on weekends 
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at least 0.8 is suggested by WPD [238]. A value of 0.9 is, therefore, assumed 
for 2 properties and considering 10 kW diversified load for the winter period 
for over 50 connections (according to WPD), the diversity for that number of 
connections is found to be 0.625. The interim values were found through 
interpolation from the diversity column in the case of the gas heated 
properties in section 4.7.2 above. The peak electricity demand range 
calculated in section 4.4 for a single property for winter in the different 
scenarios is used to calculate the range for multiple properties. Table 4-19 
shows the diversified load per connection for BS 2015 in winter and summer. 
Please note that in summer the diversified load is the same as for the gas 
heated properties, as it is assumed that no heating would be provided during 
the summer period. The diversified load for the rest of the scenarios is 
presented in Appendix B. 
 
Table 4-19: Diversified load for electrically heated properties per connection 
in BS 2015 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 4.8 16.3 2.5 11.5 
2 0.9 4.3 14.7 1.3 5.8 
3 0.775 3.7 12.6 0.8 3.8 
4 0.68 3.3 11.1 0.5 2.3 
5 0.665 3.2 10.9 0.5 2.1 
10 0.639 3.1 10.4 0.4 1.7 
25 0.629 3.0 10.3 0.3 1.5 
50 0.625 3.0 10.2 0.3 1.4 
75 0.625 3.0 10.2 0.3 1.4 
 
 
In order to figure out what the demand range in each community scale (i.e. 2-
75 households) would be, the values of the diversified load above for the 
electrically heated households have been multiplied with the respective 
number of connections, as was the case for the gas heated households. 
Table 4-20 below presents the peak demand range for the electrically heated 
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households for BS 2015, according to the values calculated in Table 4-19. 
The peak demand range tables for the rest of the scenarios are included in 
Appendix B. The assumptions used for the community scales are the same 
as for the single household, i.e. electricity peak demand increase of 10.4% 
between 2015 and 2030 [66], electricity consumption reduction of 30% 
between 2015 and 2030 [66] and an additional load of 7 kW for each 
household [267] due to the inclusion of one EV per household. An illustration 
of the peak demand range for the electrically heated communities is also 
provided in Figure 4-55-Figure 4-61. Please note that in summer the demand 
is the same as for the gas heated properties, as it is assumed that no heating 
would be provided during the summer period. Therefore, the graphs for 
electrically heated households in summer are the same as for gas heated 
households in summer presented in Figure 4-42, Figure 4-44, Figure 4-46, 
Figure 4-48, Figure 4-50, Figure 4-52 and Figure 4-54 above and are not 
duplicated below. 
 
Table 4-20: Peak demand range for electrically heated communities in BS 
2015 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 4.8 16.3 2.5 11.5 
2 9.1 31.0 3.8 17.3 
3 12.8 43.7 4.6 21.0 
4 16.1 54.8 5.1 23.3 
5 19.3 65.6 5.5 25.4 
10 35.1 119.4 7.7 35.4 
25 80.9 275.7 13.1 60.0 
50 156.2 532.3 21.2 97.6 
75 231.1 787.3 29.0 133.6 
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Figure 4-55: Winter peak demand range for electrically heated communities in 
BS 2015 
 
 
 
Figure 4-56: Winter peak demand range for electrically heated communities in 
BAU 2030 
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Figure 4-57: Winter peak demand range for electrically heated communities in 
EE 2030 
 
 
 
Figure 4-58: Winter peak demand range for electrically heated communities in 
DR 2030 
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Figure 4-59: Winter peak electrical demand range for electrically heated 
communities in Te 2030 with on-peak charging 
 
 
 
Figure 4-60: Winter peak demand range for electrically heated communities in 
Te 2030 with off-peak charging on weekdays 
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Figure 4-61: Winter peak demand range for electrically heated communities in 
Te 2030 with off-peak charging on weekends 
 
It is observed in Figure 4-55-Figure 4-61 that due to the diversity of the 
electric load in case there is more than one property included in the 
calculations, there is an inverse relationship between the number of the 
properties and the per-property peak demand. In other words, the greater the 
number of properties, the higher the diversity and thus, the lower the per-
property peak demand, which is translated to more efficient use of the 
generated electricity. This was anticipated and is of interest regarding the 
provision for electricity storage, as economies of scale arise. Economies of 
scale may reduce the overall footprint and the spatial requirements of the 
storage system per property, as well as the cost of the system per property. 
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requirements for electricity storage would fall within the calculated ranges for 
the systems considered so far. 
4.8 Daily electricity consumption for communities 
The daily electricity consumption for communities would depend on the 
amount of electricity consumed on a day in a single household and the 
number of households. There are several parameters taken into account, 
such as whether the households are gas or electrically heated, whether it is 
winter or summer, as well as whether the consumption occurs on a weekday 
or weekend. Again, the baseline 2015 scenario and the three scenarios in 
2030 (BAU, EE and Te) are considered in this analysis. The data from the 
single household electricity consumption range in Table 4-15 have been 
used and, according to the number of households assumed for each 
community scale, the values for each scale and each scenario have been 
calculated. The electricity consumption values would define the effective 
capacity of the storage system, as seen later in Phase 3. As in the single 
household case, the daily electricity consumption in the Te scenario is not 
affected by the timing of the EV charging, i.e. whether charging is on on-peak 
or off-peak hours. The electricity consumption range for different scales and 
for all scenarios is shown in Table 4-21 and an illustration is provided in 
Figure 4-62. The electricity consumption range on weekends instead of the 
weekdays has been selected for illustration in Figure 4-62, because the 
consumption is slightly higher on weekends. This would allow for a better 
provision for electricity storage. Otherwise, the columns for the weekdays are 
going to be very similar to the columns for weekends, representing a linear 
relationship across the different scales. 
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Table 4-21: Daily electricity consumption range (kWh) for communities in BS 
2015, BAU 2030, EE 2030 and Te 2030 
 
Wd: Weekday, We: Weekend 
 
min max min max min max min max min max min max
1 7 18 8 19 1 8.2 21.2 9.3 22 1 5 12 6 13
2 14 36 16 38 2 16.4 42.4 18.6 44 2 10 24 12 26
3 21 54 24 57 3 24.6 63.6 27.9 66 3 15 36 18 39
4 28 72 32 76 4 32.8 84.8 37.2 88 4 20 48 24 52
5 35 90 40 95 5 41 106 46.5 110 5 25 60 30 65
10 70 180 80 190 10 82 212 93 220 10 50 120 60 130
25 175 450 200 475 25 205 530 232.5 550 25 125 300 150 325
50 350 900 400 950 50 410 1060 465 1100 50 250 600 300 650
75 525 1350 600 1425 75 615 1590 697.5 1650 75 375 900 450 975
min max min max min max min max min max min max
1 7.7 19.9 8.7 20.9 1 9 23.4 10.2 24.3 1 5.5 13.3 6.5 14.3
2 15.4 39.8 17.4 41.8 2 18 46.8 20.4 48.6 2 11 26.6 13 28.6
3 23.1 59.7 26.1 62.7 3 27 70.2 30.6 72.9 3 16.5 39.9 19.5 42.9
4 30.8 79.6 34.8 83.6 4 36 93.6 40.8 97.2 4 22 53.2 26 57.2
5 38.5 99.5 43.5 104.5 5 45 117 51 121.5 5 27.5 66.5 32.5 71.5
10 77 199 87 209 10 90 234 102 243 10 55 133 65 143
25 192.5 497.5 217.5 522.5 25 225 585 255 607.5 25 137.5 332.5 162.5 357.5
50 385 995 435 1045 50 450 1170 510 1215 50 275 665 325 715
75 577.5 1492.5 652.5 1567.5 75 675 1755 765 1822.5 75 412.5 997.5 487.5 1072.5
min max min max min max min max min max min max
1 5.4 13.9 6.1 14.6 1 6.3 16.4 7.1 17 1 3.9 9.3 4.6 10
2 10.8 27.8 12.2 29.2 2 12.6 32.8 14.2 34 2 7.8 18.6 9.2 20
3 16.2 41.7 18.3 43.8 3 18.9 49.2 21.3 51 3 11.7 27.9 13.8 30
4 21.6 55.6 24.4 58.4 4 25.2 65.6 28.4 68 4 15.6 37.2 18.4 40
5 27 69.5 30.5 73 5 31.5 82 35.5 85 5 19.5 46.5 23 50
10 54 139 61 146 10 63 164 71 170 10 39 93 46 100
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3 34.2 59.7 36.3 61.8 3 36.9 67.2 39.3 69 3 29.7 45.9 31.8 48
4 45.6 79.6 48.4 82.4 4 49.2 89.6 52.4 92 4 39.6 61.2 42.4 64
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Figure 4-62:  Electricity consumption range on weekends for community 
scales from 1-75 households with gas or electric heating in winter and 
summer in BS 2015, BAU 2030, EE 2030 and Te 2030 
 
 
As shown in Table 4-21 and Figure 4-62 above, there is generally a picture 
of increased electricity consumption in 2030 in the case of 100% 
electrification of transport, regardless of the season and the type of fuel to be 
used for space heating in winter. As expected, there is also a linear 
relationship between the number of the properties and the amount of 
electricity consumed daily, so the bigger the number of properties, the higher 
the electricity consumption. The analysis above also demonstrates the need 
to explore the potential role of thermal storage versus electricity storage in 
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buildings, as heating is the dominant residential energy demand. This 
exploration that could be part of a future study could help illustrate the net 
benefits of either, which in turn would give returns on investment, market 
advantages through operation within ancillary services and for example, 
electricity infrastructure investment deferral savings. 
 
4.9 Conclusions 
In this chapter, the peak electricity demand range and the daily electricity 
consumption range for single buildings and communities was investigated 
and calculated under different scenarios in 2030. For a more comprehensive 
view, these data are compiled in Table 4-22. 
 
Additional conclusions include the following points. The potential increase in 
peak electricity demand in BAU 2030 and in Te 2030 with on-peak charging 
would be likely to result in the need to replace the existing cabling and the 
fuses in the homes. More specifically, properties with lower than 80amp 
fuses installed (pre 1980) would need to change to at least 80amp (ideally 
100amp). Winter peak demand occurs at 6-7pm, while summer peak 
demand occurs at 9.30-10pm. Timewise the peak demand occurs about 1h 
later on weekends in both winter and summer and the optimal time for 
overnight off-peak EV charging is half an hour later on weekends. More 
specifically, in the Te 2030 off-peak scenario, the optimal time for EV 
charging is from 1.30-6.30am in summer and winter weekdays and from 2-
7am in summer and winter weekends. Furthermore, properties with currently 
low peak demand values are bound to experience a much higher peak in the 
early morning hours in winter under the Te 2030 off-peak scenario than 
properties with already high peak demand. Likewise, properties with either 
low or high peak demand values are bound to experience a much higher 
peak in the early morning hours in summer under the Te 2030 off-peak 
scenario. Additionally, there would be great potential for reduced size and 
costs of the overall storage system in the Te 2030 off-peak scenario due to 
the lower peak demand and thus smaller size required for the inverter. In 
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terms of electricity consumption in 2030, the EE measures would 
counterbalance the increase of consumption due to the electrification of 
transport in winter, so the electricity consumption in Te 2030 is found to be 
similar to the consumption in BAU 2030. Moreover, as the peak demand and 
the electricity consumption in the UK is higher in winter than in summer, the 
winter values would be expected to inform the storage system’s design, 
which would be used all year round. 
 
Regarding the community scale, there was an inverse relationship between 
the number of properties and the per-property peak demand. In other words, 
the greater the number of properties, the higher the diversity and thus, the 
lower the per-property peak demand, which is translated to more efficient 
use of the generated electricity. This is of interest regarding the provision for 
electricity storage, and especially the inverter used there, as economies of 
scale arise. Economies of scale may reduce the overall footprint and the 
spatial requirements of the storage system per property, as well as the cost 
of the system per property. On the other hand, there is a linear relationship 
between the number of properties and the amount of total electricity 
consumption. 
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Table 4-22: Electricity peak demand and daily electricity consumption range for gas and electrically heated buildings in 
winter and summer in BS 2015, BAU 2030, EE 2030, DR 2030 and Te 2030 
 
Wd: Weekday, We: Weekend 
 
min max min max min max min max min max min max min max min max min max
1 3.0 13.9 7 18 8 19 1 4.8 16.3 8.2 21.2 9.3 22 1 2.5 11.5 5 12 6 13
2 4.5 20.9 14 36 16 38 2 9.1 31.0 16.4 42.4 18.6 44 2 3.8 17.3 10 24 12 26
3 5.5 25.4 21 54 24 57 3 12.8 43.7 24.6 63.6 27.9 66 3 4.6 21.0 15 36 18 39
4 6.1 28.2 28 72 32 76 4 16.1 54.8 32.8 84.8 37.2 88 4 5.1 23.3 20 48 24 52
5 6.6 30.7 35 90 40 95 5 19.3 65.6 41 106 46.5 110 5 5.5 25.4 25 60 30 65
10 9.2 42.7 70 180 80 190 10 35.1 119.4 82 212 93 220 10 7.7 35.4 50 120 60 130
25 15.7 72.6 175 450 200 475 25 80.9 275.7 205 530 232.5 550 25 13.1 60.0 125 300 150 325
50 25.5 118.0 350 900 400 950 50 156.2 532.3 410 1060 465 1100 50 21.2 97.6 250 600 300 650
75 34.8 161.4 525 1350 600 1425 75 231.1 787.3 615 1590 697.5 1650 75 29.0 133.6 375 900 450 975
min max min max min max min max min max min max min max min max min max
1 3.3 15.4 7.7 19.9 8.7 20.9 1 5.3 18.0 9 23.4 10.2 24.3 1 2.8 12.7 5.5 13.3 6.5 14.3
2 5.0 23.1 15.4 39.8 17.4 41.8 2 10.0 34.2 18 46.8 20.4 48.6 2 4.2 19.1 11 26.6 13 28.6
3 6.0 28.2 23.1 59.7 26.1 62.7 3 14.1 48.2 27 70.2 30.6 72.9 3 5.1 23.2 16.5 39.9 19.5 42.9
4 6.7 31.3 30.8 79.6 34.8 83.6 4 17.7 60.4 36 93.6 40.8 97.2 4 5.7 25.8 22 53.2 26 57.2
5 7.3 34.0 38.5 99.5 43.5 104.5 5 21.2 72.4 45 117 51 121.5 5 6.2 28.1 27.5 66.5 32.5 71.5
10 10.1 47.3 77 199 87 209 10 38.7 131.9 90 234 102 243 10 8.6 39.0 55 133 65 143
25 17.2 80.4 192.5 497.5 217.5 522.5 25 89.2 304.4 225 585 255 607.5 25 14.6 66.3 137.5 332.5 162.5 357.5
50 28.0 130.7 385 995 435 1045 50 172.3 587.6 450 1170 510 1215 50 23.8 107.8 275 665 325 715
75 38.3 178.9 577.5 1492.5 652.5 1567.5 75 254.8 869.2 675 1755 765 1822.5 75 32.5 147.5 412.5 997.5 487.5 1072.5
min max min max min max min max min max min max min max min max min max
1 2.3 10.8 5.4 13.9 6.1 14.6 1 3.7 12.6 6.3 16.4 7.1 17 1 1.9 8.9 3.9 9.3 4.6 10
2 3.5 16.2 10.8 27.8 12.2 29.2 2 7.0 24.0 12.6 32.8 14.2 34 2 2.9 13.4 7.8 18.6 9.2 20
3 4.2 19.8 16.2 41.7 18.3 43.8 3 9.9 33.7 18.9 49.2 21.3 51 3 3.5 16.3 11.7 27.9 13.8 30
4 4.7 21.9 21.6 55.6 24.4 58.4 4 12.4 42.3 25.2 65.6 28.4 68 4 3.9 18.1 15.6 37.2 18.4 40
5 5.1 23.9 27 69.5 30.5 73 5 14.9 50.7 31.5 82 35.5 85 5 4.2 19.7 19.5 46.5 23 50
10 7.1 33.2 54 139 61 146 10 27.1 92.3 63 164 71 170 10 5.8 27.4 39 93 46 100
25 12.0 56.4 135 347.5 152.5 365 25 62.5 213.1 157.5 410 177.5 425 25 9.9 46.5 97.5 232.5 115 250
50 19.5 91.7 270 695 305 730 50 120.6 411.3 315 820 355 850 50 16.1 75.6 195 465 230 500
75 26.7 125.4 405 1042.5 457.5 1095 75 178.3 608.4 472.5 1230 532.5 1275 75 22.1 103.4 292.5 697.5 345 750
min max min max min max min max min max min max min max min max min max
1 2.3 10.4 5.4 13.9 6.1 14.6 1 3.1 10.5 6.3 16.4 7.1 17 1 1.6 7.6 3.9 9.3 4.6 10
2 3.4 15.7 10.8 27.8 12.2 29.2 2 5.8 19.9 12.6 32.8 14.2 34 2 2.5 11.4 7.8 18.6 9.2 20
3 4.1 19.1 16.2 41.7 18.3 43.8 3 8.2 28.0 18.9 49.2 21.3 51 3 3.0 13.9 11.7 27.9 13.8 30
4 4.6 21.2 21.6 55.6 24.4 58.4 4 10.3 35.1 25.2 65.6 28.4 68 4 3.3 15.4 15.6 37.2 18.4 40
5 5.0 23.1 27 69.5 30.5 73 5 12.3 42.1 31.5 82 35.5 85 5 3.6 16.8 19.5 46.5 23 50
10 6.9 32.1 54 139 61 146 10 22.5 76.6 63 164 71 170 10 5.0 23.3 39 93 46 100
25 11.8 54.5 135 347.5 152.5 365 25 51.8 176.8 157.5 410 177.5 425 25 8.6 39.6 97.5 232.5 115 250
50 19.2 88.7 270 695 305 730 50 100.1 341.4 315 820 355 850 50 13.9 64.4 195 465 230 500
75 26.3 121.3 405 1042.5 457.5 1095 75 148.0 505.0 472.5 1230 532.5 1275 75 19.0 88.1 292.5 697.5 345 750
min max min max min max min max min max min max min max min max min max
1 9.3 17.4 11.4 19.9 12.1 20.6 1 10.1 17.5 12.3 22.4 13.1 23 1 8.6 14.6 9.9 15.3 10.6 16
2 14.0 26.1 22.8 39.8 24.2 41.2 2 19.1 33.2 24.6 44.8 26.2 46 2 12.9 21.9 19.8 30.6 21.2 32
3 17.0 31.8 34.2 59.7 36.3 61.8 3 26.9 46.7 36.9 67.2 39.3 69 3 15.7 26.7 29.7 45.9 31.8 48
4 18.9 35.3 45.6 79.6 48.4 82.4 4 33.8 58.6 49.2 89.6 52.4 92 4 17.5 29.6 39.6 61.2 42.4 64
5 20.6 38.5 57 99.5 60.5 103 5 40.5 70.2 61.5 112 65.5 115 5 19.0 32.3 49.5 76.5 53 80
10 28.6 53.5 114 199 121 206 10 73.7 127.8 123 224 131 230 10 26.4 44.9 99 153 106 160
25 48.6 90.8 285 497.5 302.5 515 25 170.1 295.1 307.5 560 327.5 575 25 44.9 76.2 247.5 382.5 265 400
50 79.0 147.7 570 995 605 1030 50 328.4 569.7 615 1120 655 1150 50 73.0 124.0 495 765 530 800
75 108.0 202.1 855 1492.5 907.5 1545 75 485.7 842.7 922.5 1680 982.5 1725 75 99.9 169.6 742.5 1147.5 795 1200
min max min max min max min max min max min max min max min max min max
1 7.6 9.9 11.4 19.9 12.1 20.6 1 8.0 10.5 12.3 22.4 13.1 23 1 7.8 10.6 9.9 15.3 10.6 16
2 11.5 14.9 22.8 39.8 24.2 41.2 2 15.3 20.0 24.6 44.8 26.2 46 2 11.7 15.8 19.8 30.6 21.2 32
3 14.0 18.2 34.2 59.7 36.3 61.8 3 21.5 28.1 36.9 67.2 39.3 69 3 14.2 19.3 29.7 45.9 31.8 48
4 15.5 20.2 45.6 79.6 48.4 82.4 4 26.9 35.3 49.2 89.6 52.4 92 4 15.8 21.4 39.6 61.2 42.4 64
5 16.9 22.0 57 99.5 60.5 103 5 32.3 42.3 61.5 112 65.5 115 5 17.2 23.3 49.5 76.5 53 80
10 23.5 30.6 114 199 121 206 10 58.8 77.0 123 224 131 230 10 23.9 32.5 99 153 106 160
25 39.9 51.9 285 497.5 302.5 515 25 135.7 177.7 307.5 560 327.5 575 25 40.6 55.1 247.5 382.5 265 400
50 64.8 84.4 570 995 605 1030 50 262.0 343.1 615 1120 655 1150 50 66.0 89.7 495 765 530 800
75 88.7 115.5 855 1492.5 907.5 1545 75 387.5 507.5 922.5 1680 982.5 1725 75 90.2 122.7 742.5 1147.5 795 1200
min max min max min max min max min max min max min max min max min max
1 7.7 10.2 11.4 19.9 12.1 20.6 1 8.1 10.9 12.3 22.4 13.1 23 1 7.8 10.9 9.9 15.3 10.6 16
2 11.6 15.4 22.8 39.8 24.2 41.2 2 15.5 20.7 24.6 44.8 26.2 46 2 11.8 16.4 19.8 30.6 21.2 32
3 14.1 18.7 34.2 59.7 36.3 61.8 3 21.8 29.1 36.9 67.2 39.3 69 3 14.4 19.9 29.7 45.9 31.8 48
4 15.6 20.8 45.6 79.6 48.4 82.4 4 27.3 36.5 49.2 89.6 52.4 92 4 15.9 22.1 39.6 61.2 42.4 64
5 17.0 22.6 57 99.5 60.5 103 5 32.7 43.7 61.5 112 65.5 115 5 17.3 24.1 49.5 76.5 53 80
10 23.7 31.5 114 199 121 206 10 59.5 79.6 123 224 131 230 10 24.1 33.5 99 153 106 160
25 40.2 53.5 285 497.5 302.5 515 25 137.4 183.7 307.5 560 327.5 575 25 41.0 56.9 247.5 382.5 265 400
50 65.4 87.0 570 995 605 1030 50 265.3 354.6 615 1120 655 1150 50 66.6 92.5 495 765 530 800
75 89.5 119.0 855 1492.5 907.5 1545 75 392.4 524.5 922.5 1680 982.5 1725 75 91.1 126.6 742.5 1147.5 795 1200
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
BS 2015
BAU 2030
EE 2030
DR 2030
Te 2030 on-peak
Te 2030 off-peak weekdays
Te 2030 off-peak weekends
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
Gas/electrically heated buildings/summer
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
Electrically heated buildings/winter
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd weNo of connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
Gas heated buildings/winter
No of 
connections
Electricity peak demand kW Daily electricity consumption kWh
wd we
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Chapter 5 
Phase 3: Electrical energy storage 
requirements – daily autonomy 
 
 
5.1 Overview 
This chapter addresses Phase 3 of the methodology, where the outputs of 
Phases 1 and 2 were combined. In this Phase, the study assessed the 
electrical energy storage requirements of the nine battery technologies 
identified in Phase 1 for community scales up to 75 buildings. Having 
established the database from Phase 1 and using the electricity consumption 
ranges from Phase 2 as a base, the spatial requirements and the cost of the 
storage system for the scales of interest were estimated in each scenario in 
2030 considering daily storage. This process led to the outline of a set of 
considerations, which formed the base of a framework demonstrating how to 
allow for electricity storage in the future built environment. The framework also 
makes the process possible, providing guidance for each step. 
 
5.2 Electrical energy storage capacity for the nine battery 
technologies and their applicability at the different scales for daily 
storage 
This analysis is based on the electricity consumption ranges for electrically 
heated households, calculated in Phase 2 for the different building scales in 
2030. This includes powering the electrical appliances at home, using 
electrical energy for space heating, as well as running the automobiles off 
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electricity. The analysis is also based on the outputs of Phase 1 and more 
specifically on the key aspects for integration identified there. Thus, the 
potential of nine different battery technologies to provide electricity storage at 
the scales of interest were investigated and the following battery technologies 
were explored in this Phase: the conventional technologies Pb-acid, NiCd, 
NiMH, the advanced technologies Li-ion, NaS, NaNiCl, and the flow battery 
technologies V-Redox, ZnBr and Zn-air. The key aspects for their physical 
integration in a high energy application, as identified in Phase 1 and 
summarized in Table 5-1, are energy rating, specific energy, energy density, 
round-trip efficiency, cycle lifetime, daily self-discharge, DOD, spatial 
requirement and investment energy cost. 
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Table 5-1: Key aspects for integration of battery technologies in buildings in a high energy application 
 
Energy 
rating 
kW
h 
Specific 
energy 
W
h/kg 
Energy 
density 
kW
h/m
3 
Round-trip 
eff. %
 
Lifetim
e 
(cycles) 
Self-
discharge 
%
/day 
DOD 
%
 
Spatial 
requirem
ent 
m
2/kW
h 
Investm
ent 
energy 
cost €/kW
h 
Conventional 
batteries 
Pb-acid 
1-10
5 
27-50 
40-80 
80-90 
1200 
(DOD 50%
) 
0.1-0.3 
50-75 
0.057-0.22 
50-300 
NiCd 
10
-2-1.5x10
3 
45-80 
<200 
70-75 
1500 
0.2-0.6 
75 
0.009-0.038 
200-1,000 
NiM
H 
10
-2-500 
60-120 
<350 
70-75 
500 
0.4-1.2 
80 
0.032 
240-1,200 
Advanced 
batteries 
Li-ion 
10
-2-10
5 
100-250 
103-630 
90-98 
4000 
0.1-0.3 
80 
0.005-0.013 
200-1,800 
NaS 
360-6x10
5 
150-240 
<400 
85-90 
4500 
20 
80 
0.004 
200-900 
NaNiCl 
10-5x10
3 
125 
150-200 
90 
2500 
15 
80 
0.017-0.022 
70-150 
Flow 
batteries 
V-Redox 
10-10
4 
75 
20-35 
75 
13000 
0-10 
100 
0.024-0.042 
100-1,000 
ZnBr 
50-4x10
3 
60-80 
20-35 
70-75 
2000 
0-1 
100 
0.014-0.025 
100-700 
Zn-air 
70-ax10
3 
400 
800 
75 
10000 
N/A 
100 
0.006 
126 
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In line with the characteristics outlined in Table 5-1 and in order to specify the 
electricity storage requirements for the residential sector, another set of 
parameters with regard to their sizing needed to be addressed. First, the 
specification of the nominal capacity of the battery bank had to be calculated, 
which enabled the specification of the spatial requirements of the battery, 
such as its footprint, its volume and its mass, according to the values provided 
in Table 5-3. For the calculation of the nominal battery capacity, the round-trip 
efficiency, the daily self-discharge factor and the DOD from Table 5-1 as well 
as a further set of five parameters identified as critical to the sizing of the 
storage system were considered: 
• the round-trip efficiency of the battery, 
• the daily self-discharge factor, 
• the depth of discharge, 
• the autonomy period, 
• the temperature factor, 
• the aging factor, 
• the design margin and 
• the inverter’s efficiency. 
 
The above factors are dimensionless and were considered in appropriate 
equations for the estimation of the batteries’ nominal capacity. The equations 
are discussed after the details given for each factor below. 
 
Round-trip efficiency of the battery 
The round-trip efficiency is different for each battery technology and ranges 
from 60% to 98% for the nine battery technologies considered in this study. 
The conventional batteries have efficiencies of 70-90%, the flow batteries 
have lower efficiencies of 60-75%, while the advanced batteries present the 
highest efficiencies among the nine battery technologies and range between 
85 and 98%. The battery’s round-trip efficiency will affect its sizing, as the 
lower the efficiency is the higher the losses will be, in which case they need to 
be included in the calculations to allow for sufficient battery capacity. The 
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lower bound of the efficiency range was used in the calculations so as to 
account for the worst-case scenario, as in some cases the very high 
efficiencies are only achieved in a laboratory environment. It is possible, 
however, for the efficiency to increase in the future, but no information has 
been found in the literature to suggest that this is already the case. 
Furthermore due to the current maturity and relatively high efficiency of most 
technologies at present, no major improvement on efficiency is anticipated. 
 
Daily self-discharge factor 
Lead-acid and Li-ion batteries have the lowest daily self-discharge rate among 
all batteries of 0.1-0.3% of their nominal capacity, while NiCd technology 
comes next with a range of 0.2-0.6%. NaS and NaNiCl systems have a 
considerable self-discharge rate of 15% and 20% per day respectively. 
Redox-flow batteries can reach a self-discharge rate of 10%, while ZnBr 
batteries generally have very low self-discharge levels up to 1%. For Zn-air 
there was no information available, so a factor of 1 was assumed. In order to 
address the worst case scenario, the highest value of daily self-discharge was 
considered in this study. Therefore, a factor of 1.003 for lead-acid and li-ion 
batteries, 1.006 for NiCd, 1.012 for NiMH, 1.2 for NaS, 1.15 for NaNiCl, 1.1 for 
V-Redox, 1.01 for ZnBr and 1 for Zn-air were assigned for each day of the 
autonomy period and were considered in the calculation of the revised 
capacity figures. It should be noted that the overall self-discharge factor for a 
given system is proportional to the number of autonomy days considered in 
the design. This is because the battery is assumed not to be recharged at all 
during the period of discharge (i.e. the autonomy period), so the self-
discharge of each day adds up to the self-discharge of the previous day. For 
example, if the autonomy period is set to four days, the battery is assumed to 
be discharged continuously during the four-day period without being 
recharged and so the overall self-discharge factor would be 4.012 (= 4 * 
1.003) for lead-acid and li-ion batteries, 4.024 (= 4 * 1.006) for NiCd and so 
on. 
 
 
 
173 
Depth of Discharge (DOD) 
Most batteries should not be discharged to 100% DOD, as this would shorten 
the cycle life of batteries [214]. For most of the batteries it is advised that they 
are discharged to 80%, while NiCd and lead-acid have a DOD value of 75% 
and 50-75% respectively. The typical DOD value for lead-acid technology is 
50% [94, 95, 284, 285]. Flow batteries can be discharged to 100% without any 
implication on the storage system’s operation. 
 
Autonomy period 
The autonomy period refers to the days or hours for which a house or 
community operating off-grid would solely rely on the electricity stored in the 
battery to power itself, without drawing electricity from the grid. In the case of 
days, these would be the days with minimal or no renewable energy available, 
e.g. minimal or no sunlight, wind and hydropower. Energy storage allows for 
the collection of energy when it is available in the form of solar or wind and 
the use of it when needed. It is advised that in the sizing of an off-grid system 
in the UK, the autonomy period should be around 3-5 days according to [286] 
and [287]. According to [288], [289] and [290], storage should be sized for a 
minimum of 3 days as a rule of thumb for area of California in the US. 
However, California is sunnier than the UK and therefore, in this study, four 
days will be assumed as autonomy period for the battery1. This does not 
mean literally four days of total deprivation2, but could be five consecutive 
days at 20% average input, or six days at 33% average input. Another 
scenario where the autonomy period is 1 day was also considered. In that 
occasion, either grid energy or a diesel generator could be used to offset the 
demand when renewable energy generation or energy from the battery is not 
                                            
1 The autonomy days for a stand-alone application might be different in future applications 
due to the effects of climate change. As Fragaki and Markvart [291] claim, the statistics of 
solar radiation have changed to a surprising degree over the past years. Hence, although the 
average daily solar radiation has remained almost constant, the probability of a long 
sequence of days with low solar radiation has increased substantially. This would have a 
significant impact on the sizing of the battery in the design of stand-alone PV systems. 
2 In both the UK and the US cases. 
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available. The investigation on both 4 days and 1 day cases is useful for 2 
reasons: first, the nominal capacity is not linear, meaning that the capacity for 
4 days will not be 4 times the capacity required for 1 day. This is due to the 
inconsistent electricity consumption values on weekdays and weekends. It 
would, therefore, be useful to calculate the actual nominal capacity required in 
these two cases. Secondly, depending on the nominal capacity required, 
some technologies are likely to be unavailable according to their energy 
rating. Thus, it would be useful to explore which of the technologies would be 
applicable in each of these two cases and for which scales. In the case of an 
autonomy period of hours – and thus sub-daily autonomy – these hours would 
typically be the evening and/or night hours, after the sun has set and the 
battery has been charged through solar PV. Further details on sub-daily 
storage are provided later in chapter 6. 
 
Temperature factor 
Especially for Pb-acid batteries, their effective capacity is affected by low 
temperature. More specifically, low ambient temperature increases battery 
size [292] and this factor allows for this effect to be captured in the 
calculations [293]. The capacity for lead-acid battery cells are typically quoted 
for a standard operating temperature of 25°C and where the actual 
temperature at the installation differs from this recommended temperature, a 
correction factor must be applied. The calculations for the battery technologies 
in this study were performed for Cardiff, as it is the location of the WSA, where 
this research was undertaken. According to the Met Office [294] the average 
annual temperature for Cardiff and generally for the middle and south part of 
the UK is 10°C. This value is based on measurements in the averaging period 
of the years 1981-2010 (Figure 5-1). 
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Figure 5-1: Mean annual average temperature in the UK [294] 
 
Table 5-2 provides recommended values for flooded and gel type lead-acid 
cells according to guidance provided by IEEE Standard 485 [295] and Trojan 
Battery Company [296]. So for 10°C the temperature correction factor to be 
applied on the nominal capacity of the system should be 1.19 and 1.11 for 
flooded lead-acid cells and for gel type lead-acid cells respectively. 
 
Table 5-2: Temperature correction factors for flooded and gel type lead-acid 
cells [295, 296] 
 
Cardiff!
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It should be noted that low or high temperatures lower battery life irrespective 
of capacity and the correction factor is for capacity sizing only, i.e. battery life 
cannot be increased by increasing capacity. In this study, the temperature 
factor was applied only to lead-acid battery technology, as for the rest of the 
battery technologies no temperature issues were found to occur. So for the 
rest of the technologies a temperature factor of 1 was applied. 
 
Aging factor 
The aging factor captures the decrease in battery performance and capacity 
due to age. The performance of a lead-acid batteries is relatively stable but 
drops markedly at latter stages of life. IEEE Standards 450 [297] and 1188 
[298] recommend that a lead-acid battery is replaced when its actual capacity 
drops to 80% of its rated capacity. Therefore, to ensure that battery can meet 
its design loads throughout its useful life, an aging factor of 1.25 should be 
applied (i.e. 1 / 0.8) [295]. For Ni-Cd batteries, the principles are similar to 
lead-acid cells and generally, a factor of 1.25 is applied as standard3 [292, 
293]. Li-ion batteries do not experience this sort of aging and could be sized 
without accounting for large future capacity loss [94]. For the rest of the 
battery technologies no information was available so an aging factor of 1 was 
assumed. 
 
Design margin 
The design margin is normally considered for future equipment or load growth, 
allows for operation at lower temperatures than anticipated and can cover for 
less than adequate maintenance [292, 295]. A method of providing this design 
margin is to add 10% to 15% to the battery size determined by the 
calculations, so a design factor of 1.1 to 1.15 is suggested, with 1.1 being 
typically recommended [292]. The design margin is assumed to be applicable 
to all battery technologies. 
 
                                            
3 For applications with high temperatures and/or frequent deep discharges, a higher factor of 
1.43 may be used. For shallower discharges, a lower factor of 1.11 can be used.	
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Inverter’s efficiency 
An inverter is used to convert the DC current produced from the battery to AC 
current in order to power the loads in the home. Inverters have an efficiency in 
the range of 85–97%, which depends on the quality of the device but also on 
the relative amount of power it delivers [299]. This study assumed a constant 
inverter efficiency of 90% based on current technology [300] and values 
assumed in similar investigations [301]. 
 
Summing up, the aspects and associated values that this study took into 
account per battery type are presented in Table 5-3. 
 
 
178 
Table 5-3: Param
eters considered and associated values 
 
Round-trip 
efficiency 
η
bat  
Self-
discharge 
factor per day 
k
sd  
Self-discharge 
factor for 
! days ! * ksd  
Depth of 
Discharge %
 
DOD 
Autonom
y 
period 
Tem
perature 
factor 
k
t  
Aging 
factor 
k
a  
Design 
m
argin 
DM
 
Inverter’s 
efficiency 
η
inv  
Conventional 
batteries 
Pb-acid 
0.8 
1.003 
! * 1.003 
50 
1 or 4 days 
1.11* 
1.25 
1.1 
0.9 
NiCd 
0.7 
1.006 
! * 1.006 
75 
1 or 4 days 
1 
1.25 
1.1 
0.9 
NiM
H 
0.7 
1.012 
! * 1.012 
80 
1 or 4 days 
1 
1 
1.1 
0.9 
Advanced 
batteries 
Li-ion 
0.9 
1.003 
! * 1.003 
80 
1 or 4 days 
1 
1 
1.1 
0.9 
NaS 
0.85 
1.2 
! * 1.2 
80 
1 or 4 days 
1 
1 
1.1 
0.9 
NaNiCl 
0.9 
1.15 
! * 1.15 
80 
1 or 4 days 
1 
1 
1.1 
0.9 
Flow 
batteries 
V-Redox 
0.75 
1.1 
! * 1.1 
100 
1 or 4 days 
1 
1 
1.1 
0.9 
ZnBr 
0.7 
1.01 
! * 1.01 
100 
1 or 4 days 
1 
1 
1.1 
0.9 
Zn-air 
0.75 
1 
! 
100 
1 or 4 days 
1 
1 
1.1 
0.9 
 *Gel type lead-acid cells were assum
ed, as they are safer 
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As no formulas regarding the sizing of the storage system were found in the 
literature, considering the information presented above, appropriate 
equations needed to be devised. The nominal capacity of the battery was 
therefore calculated using the equation (1) below and an illustration of the 
electricity flow through a storage system is presented in Figure 5-2: 
 !!"# = !!"" ∗ !! ∗ !! ∗ !" ∗ ! ∗ (! ∗ !!")!!"## ∗ !"! ∗ !!"#  
 
where !!"# is the nominal capacity of the battery !!"" is the effective capacity of the battery according to the number of 
connections, taken from Phase 2 !! is the temperature factor !! is the aging factor DM is the design margin ! is the autonomy period in days !!" is the daily self-discharge factor !!"## is the round-trip efficiency of the battery DOD is the depth of discharge !!"# is the inverter’s efficiency 
 
 
Figure 5-2: Illustration of electricity flow through a storage system (author’s 
own) 
Effective!
Capacity!
(Ceff)!
Appliances!
Effective!
Capacity!
(Ceff)!
Inverter losses!
Renewable 
energy!
Design margin!
Nominal!
storage capacity!
(Cnom)!
ηb!
Aging losses!
Temperature losses!
Self-discharge loss!
Charging losses2!
Depth of Discharge!
(DOD)!
ηinv!DM!ka!kt!ksd!Charging losses!
Dis-
charging 
losses!
Storage!
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In equation 5-1, two ! (referring to the autonomy period in days) appear. This is not a 
typo; one ! is associated with the effective capacity of the system, so if !!"" is the 
effective capacity for one day, then (! ∗ !!"") is the effective capacity for ! days. The 
other ! is associated with the self-discharge factor, so if !!" is the daily self-
discharge factor, then (! ∗ !!") is the self-discharge factor for ! days. 
 
It is assumed that in the case of communities (i.e. groups of 2 households or more) 
there will be one centralised battery in each scale that will be shared among the 
households. Furthermore, in this study, !!"# refers to a range of electricity 
consumption values depending upon the scale, i.e. single building or community 
scale. The effective capacity (!!"") of the battery according to the number of 
connections is taken from Phase 2.  
 
As the electricity consumption on weekends is slightly higher, in the case of one-day 
battery supply, the battery will be designed so as to be able to meet the consumption 
on a day in the weekend. In the case of the four-day battery supply, Saturday and 
Sunday are considered to be two of the four days assumed for autonomy of the 
system. In this way, it is ensured that enough battery capacity is allowed if the 
autonomy is needed on a weekend day. As the four days must be consecutive, the 
four days of autonomy will have to be one of the following groups: Thursday-Friday-
Saturday-Sunday, Friday-Saturday-Sunday-Monday, or Saturday-Sunday-Monday-
Tuesday. This is not much of importance for the calculations, but it is included for a 
better understanding of the sizing process of the battery system. Therefore, the 
electricity consumption range on the two weekend days and two weekdays is 
included in the calculations for all scales. 
 
In order to add the above hypotheses for the two cases in equation 5-1, equation 5-1 
is broken down to the two equations below: 
 
• equation 5-2 for the case of one-day battery supply: 
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!!"#! = !!""!" ∗ !! ∗ !! ∗ !" ∗ 1 ∗ 1 ∗ !!"!!"## ∗ !"! ∗ !!"#  
 
!!"#! = !!""!" ∗ !! ∗ !! ∗ !" ∗ !!"!!"## ∗ !"! ∗ !!"#  
 
 
where !!"#! is the nominal capacity of the battery for one day !!""!"  is the effective capacity of the battery for a day in the weekend 
 
• and equation 5-3 for four-day battery supply: 
 
!!"#! = !!""!" ∗ !! ∗ !! ∗ !" ∗ 2 ∗ 2 ∗ !!"!!"## ∗ !"! ∗ !!"# + !!""!" ∗ !! ∗ !! ∗ !" ∗ 2 ∗ 2 ∗ !!"!!"## ∗ !"! ∗ !!"#  
 
!!"#! = 4 ∗ (!!""!" + !!""!" ) ∗ !! ∗ !! ∗ !" ∗ !!"!!"## ∗ !"! ∗ !!"#  
 
where !!"#! is the nominal capacity of the battery for four days !!""!"  is the effective capacity of the battery for a day in the weekend !!""!"  is the effective capacity of the battery for a weekday 
 
As seen in equation 5-3 above, the first and second half that are added together on 
the right side of the equation refer to the nominal capacity for two days; the first half 
for the weekend and the second half for 2 weekdays. Therefore, the overall self-
discharge factor for four days has been split into two and two days and in both 
halves appears the self-discharge factor of (2 ∗ !!") in the numerator, as explained in 
Table 5-3. 
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Based on the two equations above, the required nominal battery capacity for each of 
the nine technologies and for the scales of interest in BS 2015 and the 2030 
scenarios is presented in the tables included in Appendix C. 
 
For example, assuming 5 households in a stand-alone mode that are supplied by a 
Li-ion battery, the nominal capacity (min and max values) of the battery for an 
autonomy period of 4 days in winter for all scenarios in 2030 was calculated as 
follows using equation 5-3: 
 
• for BS 2030 scenario !!"#!!"# = (!!""!" + !!""!" ) ∗ !! ∗ !! ∗ !" ∗ 4 ∗ !!"!!"## ∗ !"! ∗ !!"#  !!"#!!"# = (41+ 46.5) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 596 !"ℎ 
 
!!"#!!"# = (!!"!!" + !!""!" ) ∗ !! ∗ !! ∗ !" ∗ 4 ∗ !!"!!"## ∗ !"! ∗ !!"#  !!"#!!"# = (106+ 110) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 1471 !"ℎ 
 
• for BAU 2030 scenario !!"#!!"# = (45+ 51) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 654 !"ℎ 
 !!"#!!"# = (117+ 121.5) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 1624 !"ℎ 
 
• for EE 2030 scenario !!"#!!"# = (31.5+ 35.5) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  
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!!"#!!"# = 456 !"ℎ !!"#!!"# = (82+ 85) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 1137 !"ℎ 
 
• for Te 2030 scenario !!"#!!"# = (61.5+ 65.5) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 865 !"ℎ !!"#!!"# = (112+ 115) ∗ 1 ∗ 1 ∗ 1.1 ∗ 4 ∗ 1.0030.9 ∗ 0.8 ∗ 0.9  !!"#!!"# = 1546 !"ℎ 
 
As observed in the calculations above for the Li-ion battery, the temperature factor 
(!!), the aging factor (!!), the design margin (!") and the self-discharge factor (!!") 
remain the same for all scenarios. Therefore, only the effective capacity values 
((!!"") change.  
Based on the tables in Appendix C, the required nominal battery capacity for 
electrically heated communities of up to 5 households in all scenarios is presented in 
Figure 5-4 to Figure 5-7. As there is a linear correlation between the number of 
properties and the nominal battery capacity, the required capacities for up to 5 
properties are displayed there, as the effect would be similar regardless of the 
number of properties studied. In Figure 5-4 to Figure 5-7, the minimum and 
maximum nominal capacity for each technology and scale is shown in stacked 
columns. Figure 5-4 and Figure 5-5 address 4 autonomy days. In the vertical axis, 
which indicates the nominal battery capacity steps of 500kWh have been used. 
Steps of 50kWh in the vertical axis have been used in Figure 5-6 and Figure 5-7, 
which address 1 autonomy day. The reader’s attention is drawn to the fact that the 
scales are different in each graph. In the horizontal axes the battery technologies 
with a minimum and a maximum indication are shown; the minimum indicates the 
minimum nominal capacity required for the respective technology according to the 
minimum electricity consumption for the specific number of households. Similarly, the 
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maximum indicates the maximum nominal capacity required for the respective 
technology according to the maximum electricity consumption for the specific number 
of households. The vertical axis shows the nominal capacity, which is linearly 
correlated to the number of households. The number of households is indicated in 
different colours, which are stacked, as the nominal capacity is linearly correlated to 
the number of households. More specifically yellow refers to one household, blue to 
two households, pink to three, green to four and orange to five households. In these 
graphs columns referring to minimum values should be compared together, as 
should those referring to maximum values. The higher the column the higher the 
nominal capacity required, so the less efficient the technology is. 
 
An example showing how the graphs should be read is provided in Figure 5-3, which 
presents the minimum and maximum nominal battery capacity required by different 
technologies for 4 days of autonomy in the Te 2030 scenario in winter. By comparing 
the columns referring to the minimum values, Pb-acid appears to require the highest 
nominal capacity, while Li-ion, V-Redox, ZnBr and Zn-air require the lowest capacity. 
The same is true for the columns referring to the maximum values. Generally, it is 
not likely that the comparison among the minimum values brings a different result 
from the comparison among the maximum values, since the parameters affecting 
minimum and maximum values are the same for each technology. It can be 
concluded from this graph, that Li-ion, V-Redox, ZnBr and Zn-air are the most 
efficient technologies for the specific case, while Pb-acid is the least efficient one. 
Looking more closely, and consulting the relevant table in Appendix C, the 
technologies could be ranked according to the required nominal storage capacity and 
thus efficiency in energy, cost and space, as shown in Figure 5-3. Technologies 
requiring less nominal capacity, such as Zn-air, Li-ion, ZnBr and V-Redox rank first, 
while NiCd and Pb-acid rank last. 
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Figure 5-3: Ranking of technologies in terms of nominal capacity (ascending order). 
Technologies in the first places are more efficient regarding energy, cost and space, 
requiring less nominal capacity. 
 
In Figure 5-4 it is observed that for all scenarios Pb-acid requires the highest nominal 
capacity followed by NiCd, which means that these two technologies are the least 
efficient ones in terms of energy use, cost and space. For Li-ion, V-Redox, ZnBr and 
Zn-air the columns are lower than the rest of the technologies, so these are generally 
considered to be more efficient requiring less nominal storage capacity. This is 
generally the case for all scenarios, as can be observed in Figure 5-5, Figure 5-6 and 
Figure 5-7, regardless whether winter or summer. In the case of one autonomy day 
(Figure 5-6 and Figure 5-7), because numbers were rounded to the nearest integral, 
some values between technologies which rank close in the 4 autonomy days case 
might appear similar for one household (for example see similarity in winter values 
between V-Redox and ZnBr values in EE 2030 or Te 2030).  
 
 
0
500
1000
1500
2000
2500
3000
3500
4000
min max min max min max min max min max min max min max min max min max
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
No
m
in
al
 c
ap
ac
ity
 k
W
h
Nominal capacity kWh - 4 autonomy days - winter
Te 2030
5 households
4 households
3 households
2 households
1 household
1. Zn-air
2. Li-ion
3. ZnBr
4. V-Redox
5. NaNiCl
6. NaS
7. NiMH
8. NiCd
9. Pb-acid
min: 865 kWh
min: 911 kWh
min: 896 kWh
min: 828 kWh
 
Figure 5-4: Nom
inal battery capacity for electrically heated com
m
unities of up to 5 households with 4 autonom
y days in all scenarios 
in winter 2030 
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Figure 5-5: Nom
inal battery capacity for electrically heated com
m
unities of up to 5 households with 4 autonom
y days in all scenarios 
in sum
m
er 2030 
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Figure 5-6: Nom
inal battery capacity for electrically heated com
m
unities of up to 5 households with 1 autonom
y day in all scenarios 
in winter 2030 
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Figure 5-7: Nom
inal battery capacity for electrically heated com
m
unities of up to 5 households with 1 autonom
y day in all scenarios 
in sum
m
er 2030 
 
0 50
100
150
200
250
300
350
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Nominal capacity kWh
Nom
inal capacity kW
h - 1 autonom
y day - sum
m
er
BS 2015
5 households
4 households
3 households
2 households
1 household
0 50
100
150
200
250
300
350
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Nominal capacity kWh
Nom
inal capacity kW
h - 1 autonom
y day - sum
m
er
BAU 2030
5 households
4 households
3 households
2 households
1 household
0 50
100
150
200
250
300
350
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Nominal capacity kWh
Nom
inal capacity kW
h - 1 autonom
y day - sum
m
er
EE 2030
5 households
4 households
3 households
2 households
1 household
0 50
100
150
200
250
300
350
400
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Nominal capacity kWh
Nom
inal capacity kW
h - 1 autonom
y day - sum
m
er
Te 2030
5 households
4 households
3 households
2 households
1 household
 
 
190 
As expected, the requirements for nominal electricity storage capacity are 
higher in winter than summer. Hence, if the battery is to be used all year 
round, as assumed, the sizing of the storage system needs to be based on 
winter’s values. The summer values are presented here for two reasons; first, 
to provide a comparison between the batteries’ nominal capacity required in 
summer and winter for the UK; secondly, the daily capacity values for summer 
are used in chapter 5 to identify potential interactions between daily and sub-
daily storage throughout the year. Based on the data provided in Appendix C, 
the % change between the winter and the summer nominal capacity values 
ranges from 19% to 42%. More specifically, compared to the nominal capacity 
requirement in summer considering 1 autonomy day, the winter minimum 
capacity requirement is about 35% higher and the winter maximum capacity 
requirement is 41% higher in the BS 2015, BAU 2030 and EE 2030 scenarios.  
In the Te 2030 scenario the minimum capacity requirement is 19% higher in 
winter than in summer, while the maximum capacity requirement is 30% 
higher in winter in comparison to summer. If 4 days of autonomy are 
considered, the % change is very similar to the change in the case of 1 day of 
autonomy. Compared to the summer values, the winter minimum capacity 
requirement is about 37% higher and the winter maximum capacity 
requirement is 42% higher in the BS 2015, BAU 2030 and EE 2030 scenarios.  
In the Te 2030 scenario the minimum capacity requirement is 19% higher in 
winter than in summer, while the maximum capacity requirement is 31% 
higher in winter. As the sizing of the storage system would be based on 
winter’s higher values and considering the hypotheses presented above, the 
system is expected to be oversized for the summer period at an extent of 19-
42% depending on the scenario and the days of autonomy. 
 
At this stage, an assessment on the applicability of the nine battery 
technologies for the different scales was performed. The nominal battery 
capacity values for the winter period for 4 or 1 days of autonomy from the 
tables in Appendix C were crosschecked with the energy rating of the 
technologies from Table 5-1. Where the required nominal capacity value was 
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outside the energy rating range, the technology was considered unsuitable for 
the respective residential scale4. The applicability assessment for 4 or 1 days 
of autonomy is presented in Table 5-4 and Table 5-6 respectively. Grey 
coloured cells indicate that the battery technology can be applied to the 
respective residential scale. White coloured cells indicate that the battery 
technology cannot be applied to the respective residential scale, due to the 
limitations posed by the technology’s energy rating range. An illustration of the 
battery technologies’ applicability or not to community scales up to 5 
households is presented in Figure 5-8 and Figure 5-9. In case of no 
applicability, the colored blocks - which the columns consist of and which 
address minimum or maximum nominal capacity values - are void. Minimum 
and maximum nominal capacity correspond to low and high consumption 
households respectively. So, for example, looking at Table 5-4, NaS is not 
applicable for one or two low consumption households in BS 2015 and BAU 
2030. As shown in Figure 5-8, the yellow and blue blocks in the NaS 
mimimum column in the graphs for BS 2015 and Te 2030 are void.  
                                            
4 It should be noted that if the required nominal storage capacity is lower than a technology’s 
lower b0ound of the energy rating range, this does not mean that the technology is not 
applicable; yet the battery would possibly be oversized. This would only be an energy 
efficiency issue, but not an applicability issue regarding the lower summer consumption 
values. 
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Table 5-4: Applicability of battery technologies for different scales if 4 days of 
autonomy is applied 
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Figure 5-8: Applicability of battery technologies for different scales up to 5 households if 4 days of autonom
y are applied in winter in 
all scenarios (m
in and m
ax indicate low consum
ption and high consum
ption households respectively. Void blocks indicate that the 
technology is not applicable for either the m
inim
um
 or the m
axim
um
 value calculated for the specific scale) 
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It is observed from Table 5-4 that the Pb-acid and Li-ion technologies already 
have a wide enough energy rating range to be able to serve all scales at 
distribution level for an autonomy period of 4 days in all scenarios in 2030. 
NaNiCl would be capable of serving a community of up to about 25 residential 
buildings, as is the case for ZnBr. These technologies would not be able to be 
applied to a larger district scheme, due to the limitations posed by the 
technologies’ energy rating range. Moreover, V-Redox would be able to serve 
up to 25 houses regardless of their electricity consumption and up to 75 
houses if their consumption was towards the lower bound of the range 
assumed in this study. This is the case for Zn-air too. As shown in Figure 5-8, 
NiCd and NiMH technologies with their current limited energy ratings cannot 
meet the requirements for a group of households bigger than 5. In addition, as 
seen in Table 5-4 and Figure 5-8, NaS is able to serve all scales in all 
scenarios, except a single household in EE 2030 or a single household or two 
with generally low consumption in the rest of the scenarios. This can be 
explained by the fact that NaS cells are primarily suitable for large-scale, non-
mobile applications such as grid energy storage [302]. This, according to 
Doughty et al. [302] is attributed to the batteries’ high operating temperature 
range of 300°C to 350°C and the highly corrosive nature of the sodium 
polysulfide discharge products.  
 
The ranking of the technologies according to their nominal capacity and their 
applicability for the respective scales (number of connections) for four 
autonomy days is presented in Table 5-5. What is remarkable is that as the 
number of properties increases, fewer technologies are available at 
present. For example, while for one household all technologies are available 
in BAU 2030 and Te 2030, for 75 households only Li-ion, NaS, Pb-acid and 
perhaps Zn-air and V-Redox (depending on the electricity consumption of the 
house) might be applicable. 
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Table 5-5: Ranking of technologies according to nom
inal capacity and their applicability for four autonom
y days in 2030 (m
ost 
suitable technologies = technologies with least nom
inal capacity which rank first) 
 
Note: Italic font denotes that the technology is not entirely applicable. Its applicability is restricted to either low or high consum
ption households. 
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. NaS
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. Pb-acid
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. NaS
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. Pb-acid
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. NaS
4. NaS
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. Pb-acid
5. Pb-acid
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. V-Redox
3. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. NaNiCl
4. NaS
4. NaS
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaS
5. Pb-acid
5. Pb-acid
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. Pb-acid
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Te 2030 - No of connections
Tecnology ranking Tecnology ranking
EE 2030 - No of connections
4 days of autonom
y
BAU 2030 - No of connections
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Table 5-6: Applicability of battery technologies for different scales if 1 day of 
autonomy is applied 
 
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
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75
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
low 
cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
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cons.
low 
cons.
high 
cons.
low 
cons.
high 
cons.
1
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3
4
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75
Notes:
low cons. is low consumption household according to the range used in the study
high cons. is high consumption household according to the range used in the study
Grey cells indicate that the battery technology can be applied to the respective residential scale
White cells indicate that the battery technology cannot be applied to the respective residential scale
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Figure 5-9: Applicability of battery technologies for different scales up to 5 households if 1 day of autonom
y is applied in winter in all 
scenarios (m
in and m
ax indicate low consum
ption and high consum
ption households respectively. Void blocks indicate that the 
technology is not applicable for either the m
inim
um
 or the m
axim
um
 value calculated for the specific scale) 
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It is observed from Table 5-6 that Pb-acid and Li-ion are able to serve all 
scales at distribution level for an autonomy period of 1 day as well, in all 
scenarios in 2030. NaNiCl and V-Redox are also suitable for all scales if 1 
day of autonomy is applied. However as shown in Figure 5-9, Zn-air, like 
ZnBr, is not suitable for a single house or 2-3 low consumption houses 
depending on the scenario in 2030. Furthermore, NiCd can serve up to about 
25 households or 50 if they are low consumption ones in all scenarios except 
Te 2030, where it is suitable for up to about 10 households or 25 low 
consumption households . The maximum number of households NiMH can 
serve ranges from 5 to 25 depending on their consumption and the scenario 
considered. Regarding NaS batteries, as their energy rating starts at 360 kWh 
for a typically available system, NaS technology cannot serve individual 
buildings or groups of 2-5 residential buildings for one autonomy day as 
shown in Figure 5-9. It would be applicable though for a community of 10 
households if their overall consumption was towards the lower bound of the 
range assumed in this study. The ranking of the technologies according to 
their nominal capacity and their applicability for the respective scales (number 
of connections) for one autonomy day is presented in Table 5-7. What is 
notable is that for 10 households all technologies are available and then 
on both sides of it, i.e. for either more or less households, the number 
of technologies gradually decreases. Hence, for one household only 6 
technologies are possible options and for 75 households only 7. 
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Table 5-7: Ranking of technologies according to nom
inal capacity and their applicability for one autonom
y day in 2030 (m
ost suitable 
technologies = technologies with least nom
inal capacity which rank first) 
 
Note: Italic font denotes that the technology is not entirely applicable. Its applicability is restricted to either low or high consum
ption households. 
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. V-Redox
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. V-Redox
2. ZnBr
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. NiM
H
4. NaNiCl
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. NiM
H
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. V-Redox
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
Te 2030 - No of connections
Tecnology ranking
1 day of autonom
y
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
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Overall, it is observed that the Pb-acid and Li-ion technologies already 
have a wide enough energy rating range to be able to serve all 
community scales at distribution level for an autonomy period of up to 
4 days in all scenarios in 2030. The NaNiCl and the V-Redox are also 
suitable at all scales if 1 day of autonomy is applied. If 4 days were 
applied, then NaNiCl would be capable of serving a community of up to 
about 25 residential buildings, as is the case for ZnBr. Moreover, V-Redox 
would then be able to serve up to 25 houses when their electricity 
consumption is closer to the upper bound of the range used in this study and 
up to 75 houses if their consumption was towards the lower bound of the 
range. This is the case for Zn-air too. However Zn-air, like ZnBr, is not 
suitable for a single house or 2-3 low consumption houses depending on the 
scenario if one day of autonomy is applied. In the case of 4 autonomy days, 
NiCd and NiMH technologies with their current energy rating cannot meet 
the requirements for a group of households bigger than 5. Similarly, in the 
case of one autonomy day, the maximum number of households they can 
serve is between 10 and 50. Regarding NaS batteries, as their energy rating 
starts at 360 kWh for a typically available system, NaS technology cannot 
serve individual buildings or groups of 2-5 residential buildings for one 
autonomy day. In the case of 4 autonomy days, NaS is able to serve all 
scales in all scenarios, except a single household in EE 2030 or a single 
household or two with generally low consumption in the rest of the scenarios. 
Please note that these limitations are based on the hypotheses made earlier 
regarding all the parameters affecting nominal capacity of the battery bank. 
So under different performance parameters or through R&D in the future, 
these limitations might be overcome and technologies that currently are not 
suitable for some scales might then become applicable. In addition, as the 
storage capacity requirements are lower for summer, the battery 
technologies could possibly serve bigger scales in that period. 
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5.3 Footprint, volume, mass, investment cost and levelised cost 
of energy (LCOE) for the nine battery technologies for one or four 
autonomy days at the different scales 
 
The footprint, volume, mass, the investment cost and the levelized cost of 
electricity (LCOE) for the nine battery technologies at different scales are 
presented in this section, based on the information included on Table 5-1. 
The analysis on this part is performed using the columns referring to the 
spatial requirement (m2/kWh), the energy density (kWh/m3), the specific 
energy (Wh/kg), the investment energy cost (€/kWh), the round-trip 
efficiency (ηbatt), the lifetime in cycles and the DOD as shown in Table 5-8. 
For the values that appear in ranges, i.e in the columns for spatial 
requirement, energy density, specific energy and investment cost two 
separate sets of data and graphs are produced and presented in this section. 
Thus through the consideration of the minimum and maximum values a low 
range and a high range are derived respectively, as indicated in the figures 
and/or their captions. 
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Table 5-8: Spatial requirem
ent, energy density, specific energy and investm
ent energy cost for the nine battery technologies 
 
Spatial 
requirem
ent 
m
2/kW
h 
Energy 
density 
kW
h/m
3 
Specific 
energy 
W
h/kg 
Investm
ent 
energy cost 
€/kW
h 
Round-trip 
efficiency 
η
batt  
Lifetim
e 
(cycles) 
DOD 
%
 
Conventional 
batteries 
Pb-acid 
0.057-0.22 
40-80 
27-50 
50-300 
0.8 
1200 
50 
NiCd 
0.009-0.038 
<200 
45-80 
200-1,000 
0.7 
1500 
75 
NiM
H 
0.032 
<350 
60-120 
240-1,200 
0.7 
500 
80 
Advanced 
batteries 
Li-ion 
0.005-0.013 
103-630 
100-250 
200-1,800 
0.9 
4000 
80 
NaS 
0.004 
<400 
150-240 
200-900 
0.85 
4500 
80 
NaNiCl 
0.017-0.022 
150-200 
125 
70-150 
0.9 
2500 
80 
Flow 
batteries 
V-Redox 
0.024-0.042 
20-35 
75 
100-1,000 
0.75 
13000 
100 
ZnBr 
0.014-0.025 
20-35 
60-80 
100-700 
0.7 
2000 
100 
Zn-air 
0.006 
800 
400 
126 
0.75 
10000 
100 
 Notes for Table 5-8: 
The hyphen is used to indicate the range 
Font coding (related to the characteristic described in each colum
n): bold and italic=m
ost favourable(s), bold=second m
ost favourable(s), 
italic=least favourable(s) 
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5.3.1 Estimation of footprint 
Based on the nominal capacity values in the tables in Appendix C and using 
the column for spatial requirement from Table 5-8, the estimation of the 
footprint for each of the nine technologies for the different scales in winter is 
presented in the relevant tables in Appendix C. As there is a range for the 
spatial requirement in some technologies, two different sets of footprint 
values were calculated, considering the minimum and maximum value of this 
range. An illustration of the footprint for the nine battery technologies for 
communities up to five households is presented in Figure 5-10, Figure 5-11, 
Figure 5-13 and Figure 5-14. Figure 5-10 and Figure 5-11 show the battery 
footprint for four days of autonomy assuming the minimum and maximum5 
spatial requirement values from Table 5-8 respectively. Figure 5-13 and 
Figure 5-14 show the battery footprint for one day of autonomy assuming the 
minimum and maximum spatial requirement values from Table 5-8 
respectively. On the left hand side of the figures all technologies are 
included, while on the right hand side all but Pb-acid are presented so as to 
allow for comparisons, as Pb-acid has by far the biggest footprint, distorting 
the figures. In all figures in the cases where the technologies were not 
applicable the relevant coloured blocks in the columns are substituted with 
void blocks. The process described in this section was also followed for the 
estimation of the volume, mass, cost and LCOE of the battery technologies 
as well, so in 5.3.2, 5.3.3, 5.3.4 and 5.3.5 only the graphs are shown. 
 
 
                                            
5 Through the consideration of the minimum and maximum spatial requirement values a low 
footprint range and a high footprint range are derived respectively, as indicated in the figures 
and/or their captions. The same happens for volume and mass. 
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Figure 5-10: Battery footprint (low range) for electrically heated properties in the various scales under the different scenarios 
in winter 2030 for four days of autonom
y assum
ing the m
inim
um
 spatial requirem
ent values from
 Table 5-8 (left: all 
technologies, right: all but Pb-acid) 
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Figure 5-11: Battery footprint (high range) for electrically heated properties in the various scales under the different 
scenarios in winter 2030 for four days of autonom
y assum
ing the m
axim
um
 spatial requirem
ent values from
 Table 5-8 (left: 
all technologies, right: all but Pb-acid) 
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It is observed from Figure 5-10 and Figure 5-11 that Pb-acid would occupy by 
far the most space in all scenarios in 2030 with 4 autonomy days, regardless 
of whether the minimum or maximum spatial requirement value is considered 
from Table 5-8. In addition, the technologies that could serve all scales in all 
scenarios in the case of four autonomy days would be Pb-acid and Li-ion. 
Considering the mimimum spatial requirement value for each technology from 
Table 5-8, and consulting the relevant table in Appendix C the technologies 
can be put in the following order in terms of footprint (technologies that rank 
first are more favourable): 
1. Li-ion 
2. NaS 
3. Zn-air 
4. ZnBr 
5. NiCd 
6. NaNiCl 
7. V-Redox 
8. NiMH 
9. Pb-acid 
 
This is a general ranking list and depending on the technologies’ applicability 
to the scales of interest, some technologies would need to be removed from 
the list for some scales in some scenarios. For example, among the 
technologies that can serve one household in all scenarios Li-ion is the most 
favourable, followed by Zn-air. NaS is a competing technology only in BAU 
2030 and Te 2030 but is only applicable for high consumption households. 
NaS is not applicable in EE 2030. For two households NiMH is not applicable 
for high consumption households in all scenarios, while NaS is not applicable 
for low consumption households in BAU 2030 and EE 2030. For three 
households, NiCd is not available for high consumption households in BAU 
2030 and Te 2030, while NiMH is not applicable in these scenarios. In EE, 
NiMH is not available for high consumption households. Moreover, NaS is 
available only for high consumption households in EE 2030. For four 
households NiCd is not available for high consumption households in all 
scenarios. NiMH is not applicable in BAU 2030 and Te 2030, while in EE it is 
not applicable for high consumption households. For five households, NiCd is 
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not available for high consumption households, while NiMH is not applicable 
in all scenarios. 
 
Considering the maximum spatial requirement value for each technology from 
Table 5-8 and consulting the relevant table in Appendix C and Figure 5-11, 
the technologies can be put in the following order in terms of footprint 
depending on their applicability (technologies that rank first are more 
favourable): 
1. NaS 
2. Zn-air 
3. Li-ion 
4. NaNiCl 
5. ZnBr 
6. NiMH 
7. V-Redox 
8. NiCd 
9. Pb-acid 
 
It is observed that there is a clear difference in the ranking when considering 
the minimum or maximum values for the spatial requirement from Table 5-8. 
In both cases, Li-ion, NaS and Zn-air are the top three technologies exhibiting 
the smallest footprint and Pb-acid the last one having the biggest footprint. In 
the case the minimum values for spatial requirement are considered, Li-
ion comes first, followed by NaS and then Zn-air, while when 
considering the maximum values for spatial requirement Zn-air comes 
first, followed by NaS and Li-ion. 
 
What is noteworthy is that although some technologies have similar 
nominal capacity values, they have very different footprint. An example 
for Li-ion, V-Redox, ZnBr and Zn-air technologies for four days of autonomy in 
Te 2030 is shown in Figure 5-12, where their nominal capacity range, as well 
as their minimum (middle graph) and maximum footprint (bottom graph) are 
presented for communities up to 5 households. As can be observed there, all 
four technologies’ minimum capacity is about 800kWh for five households and 
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yet their footprint values vary. So, for example, considering the mimimum 
spatial requirement values from the range in Table 5-8, Li-ion has a footprint 
of 4-8m2, V-Redox a footprint of 20-40m2, ZnBr a footprint of 12-20m2 and Zn-
air a footprint of 5-10m2. 
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Figure 5-12: Comparison between nominal capacity and footprint for Li-ion, V-
Redox, ZnBr and Zn-air for four days of autonomy in Te 2030 
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The ranking of the technologies according to combined criteria, including their 
footprint and applicability for the respective scales (number of connections) for 
four autonomy days, is presented in Appendix D, as are the rankings for all 
aspects. As it is observed, the ranking according to smallest footprint is very 
different from the ranking according to least nominal capacity in Table 5-5. 
Therefore, in the case of four autonomy days, if a technology is the most 
favourable in terms of nominal capacity doesn’t mean that it is the most 
favourable one in terms of footprint and vice versa. 
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Figure 5-13: Battery footprint (low range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for one day of autonom
y assum
ing the m
im
im
um
 spatial requirem
ent values from
 Table 5-8 (left: all technologies, right: 
all but Pb-acid) 
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Figure 5-14: Battery footprint (high range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for one day of autonom
y assum
ing the m
axim
um
 spatial requirem
ent values from
 Table 5-8 (left: all technologies, right: 
all but Pb-acid) 
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It is observed from Figure 5-13 and Figure 5-14 that Pb-acid again would 
occupy by far the most space in all scenarios in 2030 with 1 autonomy day, 
regardless of whether the minimum or maximum spatial requirement value is 
considered from Table 5-8. In addition, the technologies that could serve all 
scales in all scenarios in the case of one autonomy day would be Pb-acid, Li-
ion, NaNiCl and V- Redox. As observed from the relevant table in Appendix C, 
Figure 5-13 and Figure 5-14, the ranking is the same as in the case for four 
days of autonomy considering either the mimimum or the maximum spatial 
requirement value for each technology from Table 5-8. Therefore, in both 
cases of daily autonomy, Li-ion, NaS and Zn-air are the top three 
technologies exhibiting the smallest footprint and Pb-acid the last one 
having the biggest footprint. 
 
Regarding the applicability aspect in the low footprint range, among the 
technologies that can serve one household in Te 2030 Li-ion is the most 
favourable with a range of 0.1-0.2m2, followed by NiCd with a range of 0.3-0.6 
m2 and then NaNiCl with a range of 0.4-0.8 m2. This is because NaS, Zn-air 
and ZnBr are not applicable for one household. NaS is a competing 
technology but for scales comprising at least 10 houses. For two households 
Zn-air can serve only high consumption houses in BAU 2030 and Te 2030, 
while in EE 2030 it is unavailable. ZnBr is applicable for high consumption 
houses. For three households, Zn-air can serve only high consumption 
houses in all scenarios, while ZnBr can serve this type of houses only in EE 
2030. For four households Zn-air is available for high consumption houses in 
BAU 2030 and EE 2030. For five households, only NaS remains unavailable 
in all scenarios, as previously mentioned. As regards the technology ranking 
for one autonomy day in Appendix D, it is observed that the ranking according 
to smallest footprint is very different from the ranking according to least 
nominal capacity in Table 5-7. Therefore, as also mentioned in the case of 
four autonomy days, in the case of one autonomy day, if a technology is 
the most favourable in terms of nominal capacity doesn’t mean that it is 
the most favourable one in terms of footprint and vice versa. 
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5.3.2 Estimation of volume 
Based on the tables presented in Appendix C and using the column for 
energy density from Table 5-8, the estimation of the volume for each of the 
nine technologies for the different scales in winter is presented in Appendix C. 
An illustration of the volume for the nine battery technologies for communities 
up to five households is presented in Figure 5-15, Figure 5-16, Figure 5-19 
and Figure 5-20. Figure 5-15 and Figure 5-16 show the battery volume for four 
days of autonomy, while Figure 5-19 and Figure 5-20 for one day of 
autonomy. On the left hand side of the figures all technologies are included, 
while on the right hand side all but Pb-acid, NiCd, V-Redox and ZnBr are 
presented so as to allow for comparisons, as these four require by far the 
biggest volume. 
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Figure 5-15: Battery volum
e (high range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for four days of autonom
y considering the m
inim
um
 energy density values from
 Table 5-8. (left: all technologies, right: 
all but Pb-acid, NiCd, V-Redox and ZnBr) 
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Figure 5-16: Battery volum
e (low range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for four days of autonom
y considering the m
axim
um
 energy density values from
 Table 5-8. (left: all technologies, right: 
all but Pb-acid, NiCd, V-Redox and ZnBr) 
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It is observed that there is a clear difference in the ranking when considering 
the minimum or maximum values for energy density from Table 5-8. In the 
case where the minimum energy density values are considered (high 
range), Zn-air, NaS and NiMH are the top three technologies exhibiting 
the smallest volume. In the case where the maximum values are 
considered (low range), the top three are Zn-air, Li-ion and NaS. In both 
cases Pb-acid, V-Redox and ZnBr are the least favourable technologies 
requiring the biggest volume. 
 
What is noteworthy is that although some technologies have similar 
nominal capacity values, not only can they have very different footprint, 
but also very different volume. In addition, the footprint and the volume 
are not correlated values, and therefore a big footprint doesn’t mean a 
big volume and vice versa. An example for Li-ion, V-Redox, ZnBr and Zn-air 
technologies for four days of autonomy in Te 2030 is shown in Figure 5-17, 
where their nominal capacity range, their footprint based on minimum and 
maximum spatial requirement values, as well as their volume based on 
minimum and maximum energy density values are presented for communities 
up to 5 households. As can be observed there, all four technologies’ minimum 
capacity is about 800kWh for five households and their maximum capacity 
about 1500kWh for the same number of households. Yet apart from the 
variation in their footprint values, there is a variation in their volume. So, for 
example, considering the mimimum energy density values from the range in 
Table 5-8 (high volume range), Li-ion has a volume of about 8-15m3, V-Redox 
and ZnBr a volume of about 45-80m3 and Zn-air a volume of 1-2m3. 
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Figure 5-17: Com
parison of nom
inal capacity, footprint and volum
e for Li-ion, V-Redox, ZnBr and Zn-air for 4 autonom
y days (Te 
2030) 
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Regarding the lack of association between the values for footprint and 
volume, Figure 5-18 is included below. This is an example showing a 
comparison between the footprint and the volume of NaNiCl and ZnBr for 
communities up to five households in Te 2030 with one autonomy day. The 
example addresses the case in which the maximum spatial requirement has 
been taken into account. These technologies have similar footprints, but 
different volumes considering either minimum or maximum energy density 
values. More specifically, considering the maximum energy density values, 
ZnBr requires a volume five times bigger than NaNiCl and considering the 
minimum energy density values, ZnBr requires a volume seven times bigger. 
However, they occupy the same area of about 3-5m2. This clearly indicates a 
difference in their heights. Therefore, even if technologies have similar 
footprint, this doesn’t mean that they will have similar volume. 
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Figure 5-18: Comparison of footprint and volume ranges for NaNiCl and ZnBr 
and Zn-air for 1 autonomy day (Te 2030) 
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The ranking of the technologies according to their volume considering their 
applicability for the respective scales (number of connections) for four 
autonomy days is presented in Appendix D. As it is observed, the ranking 
according to smallest volume is very different from the ranking according to 
least nominal capacity in Table 5-5 or the smallest footprint. Therefore, in the 
case of four autonomy days, if a technology is the most favourable in 
terms of nominal capacity or footprint doesn’t mean that it is the most 
favourable one in terms of volume too and vice versa. 
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Figure 5-19: Battery volum
e (high range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for one day of autonom
y considering the m
inim
um
 energy density values from
 Table 5-8. (left: all technologies, right: all 
but Pb-acid, NiCd, V-Redox and ZnBr) 
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Figure 5-20: Battery volum
e (low range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for one day of autonom
y considering the m
axim
um
 energy density values from
 Table 5-8. (left: all technologies, right: all 
but Pb-acid, NiCd, V-Redox and ZnBr) 
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It is observed from Figure 5-19 and Figure 5-20 that Pb-acid would be the 
most unfavourable, needing the largest volume in all scenarios in 2030 with 
one autonomy day, regardless of whether the minimum or maximum energy 
density value is considered from Table 5-8. Pb-acid is followed by V-Redox 
and ZnBr and especially when the maximum energy density values are 
considered the three of them are very close. As observed from Appendix C, 
Figure 5-19 and Figure 5-20, the ranking is the same as in the case for four 
days of autonomy considering either the mimimum or maximum energy 
density value for each technology from Table 5-8. Therefore, in both cases of 
daily autonomy, the same conclusions apply regarding the ranking of 
technologies, but not regarding their applicability in different scales. 
 
As regards the technology ranking in Appendix D, it is observed that the 
ranking according to smallest volume is very different from the ranking 
according to least nominal capacity in Table 5-7 or smallest footprint. 
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5.3.3 Estimation of mass 
Based on the tables in Appendix C and using the column for specific energy 
from Table 5-8, the estimation of the mass for each of the nine technologies 
for the different scales in winter is included in Appendix C. An illustration of 
the mass values for the nine battery technologies for communities up to five 
households is presented in Figure 5-21, Figure 5-22, Figure 5-25 and Figure 
5-26. Figure 5-21 and Figure 5-22 show the battery mass for four days of 
autonomy, while Figure 5-25 and Figure 5-26 for one day. On the left hand 
side of the figures all technologies are included, while on the right hand side 
all but Pb-acid are presented so as to allow for comparisons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
226 
 
Figure 5-21: Battery m
ass (high range) for electrically heated properties in the various scales under the different scenarios in winter 
2030 for four days of autonom
y considering the m
inim
um
 specific energy values from
 Table 5-8 (left: all technologies, right: all but 
Pb-acid) 0
20,000
40,000
60,000
80,000
100,000
120,000
140,000
160,000
m
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
lV-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
BAU 2030
5 households
4 households
3 households
2 households
1 household
0
20,000
40,000
60,000
80,000
100,000
120,000
140,000
160,000
m
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
lV-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
EE 2030
5 households
4 households
3 households
2 households
1 household
0
20,000
40,000
60,000
80,000
100,000
120,000
140,000
160,000
m
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
lV-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
Te 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
30,000
35,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
BAU 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
30,000
35,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
EE 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
30,000
35,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
in specific energy values
high m
ass range
Te 2030
5 households
4 households
3 households
2 households
1 household
 
 
227 
 
Figure 5-22: Battery m
ass (low range) for electrically heated properties in the various scales under the different scenarios in winter 
2030 for four days of autonom
y considering the m
axim
um
 specific energy values from
 Table 5-8 (left: all technologies, right: all but 
Pb-acid) 
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
BAU 2030
5 households
4 households
3 households
2 households
1 household
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
lV-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
EE 2030
5 households
4 households
3 households
2 households
1 household
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
90,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
Pb-acid
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
Te 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
BAU 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
EE 2030
5 households
4 households
3 households
2 households
1 household
0
5,000
10,000
15,000
20,000
25,000
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
N
iC
d
N
iM
H
Li-ion
N
aS
N
aN
iC
l
V-R
edox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 4 autonom
y days - m
ax specific energy values
low
 m
ass range
Te 2030
5 households
4 households
3 households
2 households
1 household
 
 
228 
It is observed that there is a clear difference in the ranking when considering 
the minimum or maximum values for specific energy from Table 5-8. In the 
case where the minimum specific energy values are considered (high 
range), Zn-air, NaS and NaNiCl are the top three technologies exhibiting 
the smallest mass. In the case where the maximum values are 
considered (low range), the top three are Zn-air, Li-ion and NaS. In both 
cases Pb-acid and NiCd are the least favourable technologies having 
the biggest mass. 
 
What is noteworthy is that although some technologies have similar 
nominal capacity values, not only can they have very different footprint 
and volume, but also very different mass. An example for Li-ion, V-Redox, 
ZnBr and Zn-air technologies for four days of autonomy in Te 2030 is shown 
in Figure 5-23, where their nominal capacity range, their footprint, volume and 
mass are presented for communities up to 5 households. The footprint is 
based on minimum and maximum spatial requirement values, the volume is 
based on minimum and maximum energy density values and the mass on 
minimum and maximum specific energy values. As can be observed there, all 
four technologies’ minimum capacity is about 800kWh for five households and 
their maximum capacity about 1500kWh for the same number of households. 
Yet apart from the variation in their footprint and volume values, there is a 
variation in their mass. So, for example, considering the minimum specific 
energy density values from the range in Table 5-8 (high mass range), Li-ion 
has a mass of about 8-16kg, V-Redox a mass of about 12-22kg, ZnBr a mass 
of about 15-27kg and Zn-air a mass of 2-4kg. 
 
In addition, the footprint, volume and mass are not correlated values, 
and therefore a big footprint or volume doesn’t mean a big mass and 
vice versa. In this respect, Figure 5-24 is included below as an example 
showing a comparison between the footprint, the volume and the mass of 
NiMH, NaNiCl and V-Redox for communities up to five households in BAU 
2030 with one autonomy day. These technologies were chosen for 
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comparison as they have similar mass in BAU 2030, so it would be interesting 
to explore how the footprint and volume compare. The example addresses the 
case in which the maximum spatial requirement, the maximum energy density 
and the maximum specific energy have been taken into account. It is clear 
that these technologies, although they have similar mass, hey have different 
volume and footprint. More specifically, NiMH has a footprint similar to V-
Redox, but about two times times bigger than NaNiCl and requires about half 
the volume of NaNiCl and about 1/9th of V-Redox’s volume. However, they 
have similar mass of about 1-3kg. Therefore, even if technologies have 
similar mass, this doesn’t mean that they will have similar footprint or 
volume. 
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Figure 5-23: Comparison of nominal capacity, footprint, volume and mass for 
Li-ion, V-Redox, ZnBr and Zn-air for 4 autonomy days in Te 2030 
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Figure 5-24: Comparison of footprint, volume and mass for NiMH, NaNiCl and 
ZnBr for 1 autonomy day (BAU 2030) 
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dwellings should not exceed the value of 0.25kN/m2, which is about 25kg/m2. 
Taking this into account, in the case that storage was provisioned for 4 days 
of autonomy, in BAU 2030 and Te 2030, Pb-acid would not be able to be 
positioned in the loft of a highly consuming home, as the mass of the battery 
would be about 29kg, for the following conditions: 
 
• The battery’s specific energy was close to the minimum value from 
Table 5-8 
• The loft space was relatively small so the battery wouldn’t occupy an 
area greater than 1m2 (considering that extra space for the BOS 
equipment6, access, circulation and maintenance would be needed too) 
• The loft floor was designed according to the regulations 
 
There would be the same barrier for the installation of a Pb-acid or NiCd in the 
loft if two houses shared a battery that would be located in one home’s loft. In 
these cases the following solutions could be applied: 
• Seek an alternative location (e.g. garage, basement, storage room, 
garden) 
• Distribute the load across a sufficiently big area in the loft 
• Strengthen the floor 
• Opt for another battery technology 
 
As it is observed in the technology ranking in Appendix D, the ranking 
according to smallest mass is very different from the ranking according to 
least nominal capacity in Table 5-5, the smallest footprint or the smallest 
volume. Therefore, in the case of four autonomy days, if a technology is 
the most favourable in terms of nominal capacity, footprint or volume 
doesn’t mean that it is the most favourable one in terms of mass too 
and vice versa. 
                                            
6 BOS equipment: Balance of system equipment. It includes all the components of a battery 
system except the battery. 
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Figure 5-25: Battery m
ass (high range) for electrically heated properties in the various scales under the different scenarios 
in winter 2030 for one day of autonom
y considering the m
inim
um
 specific energy values from
 Table 5-8 (left: all 
technologies, right: all but Pb-acid) 
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Figure 5-26: Battery m
ass (low range) for electrically heated properties in the various scales under the different scenarios in 
winter 2030 for one day of autonom
y considering the m
axim
um
 specific energy values from
 Table 5-8 (left: all technologies, 
right: all but Pb-acid) 
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It is observed from Figure 5-25 and Figure 5-26 that Pb-acid would be the 
most unfavourable, having the highest mass in all scenarios in 2030 with one 
autonomy day, regardless of whether the minimum or maximum energy 
density value is considered from Table 5-8. As observed from Figure 5-25 
and Figure 5-26, the ranking is the same as in the case for four days of 
autonomy considering either the mimimum or maximum specific energy 
value for each technology from Table 5-8. Therefore, in both cases of daily 
autonomy, the same conclusions apply regarding the ranking of 
technologies, but not regarding their applicability in different scales. 
 
Regarding the technology ranking for one autonomy day in Appendix D, it is 
observed that the ranking according to smallest mass is very different from 
the ranking according to least nominal capacity, smallest footprint or smallest 
volume. 
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5.3.4 Estimation of investment cost 
Based on the tables in Appendix C and using the column for investment 
cost per kWh from Table 5-8, the estimation of the investment cost for 
each of the nine technologies for the different scales in winter is presented in 
Appendix C. It could generally be assumed that the cost values addressing 
low range would be possible by 2030 due to further deployment of EES 
technologies and mass production. Yet the high range cost values were also 
calculated and provided for comparison. 
 
An aspect that was not considered in this study is that in many cases, 
batteries, when purchased in bulk, are priced lower than regular retail prices, 
which means that, as the number of connections increases, the price per 
kWh should decrease. However, this depends largely on where the battery 
would be purchased from –for example, whether it would be a cash purchase 
or a lease, a wholesale cash purchase or a retail purchase from a distributor. 
A useful analysis on this is provided in [304]. Therefore this work didn’t deal 
with this aspect, as this would require a separate cost analysis study. An 
illustration of the cost values for the nine battery technologies for 
communities up to five households is presented in Figure 5-27, Figure 5-28, 
Figure 5-29 and Figure 5-30. Figure 5-27 and Figure 5-28 show the battery 
cost for four days of autonomy, while Figure 5-29 and Figure 5-30 show the 
battery cost for one day. 
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Figure 5-27: Battery investment cost (low range) for electrically heated 
properties in the various scales under the different scenarios in winter 2030 
for four days of autonomy considering the minimum cost from Table 5-8 
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Figure 5-28: Battery investment cost (high range) for electrically heated 
properties in the various scales under the different scenarios in winter 2030 
for four days of autonomy considering the maximum cost from Table 5-8 
It is observed that there is a clear difference in the ranking when considering 
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depends on the figures which the manufacturers or providers quote and can 
also include lower expected figures in the future. In the case where the 
minimum cost per kWh is considered (low range), NaNiCl, ZnBr and V-
Redox are the top three technologies having the lowest investment 
cost, while NiCd is the most expensive one. In the case where the 
maximum cost per kWh is considered (high range), the top three are 
NaNiCl, Zn-air and ZnBr, while Li-ion is the most expensive one. 
However the high range cost values are not likely to be the case in 2030, as 
R&D and greater deployment are expected to help to lower the costs. 
 
What is interesting to note is that although NiMH has a greater cost per kWh 
(240-1200€/kWh) than NiCd (200-1000€/kWh), the overall cost of the battery 
bank is lower in all scenarios in both low and high range cases, because of 
NiMH’s lower nominal capacity. Moreover, in the low range case, although Pb-
acid has a much lower cost per kWh (50€/kWh) than Zn-air (126€/kWh), the 
Pb-acid battery bank is eventually more expensive than the Zn-air one 
because of its much higher nominal capacity. Therefore, the respective results 
presented demonstrate that a lower investment cost per kWh does not 
mean a lower investment cost for the entire battery bank, as it is 
dependent upon the nominal capacity of the battery bank, which in turn 
largely depends on the DOD and the efficiency of the battery 
technology. 
 
As it is observed in the technology ranking in Appendix D, the ranking 
according to lowest cost is very different from the ranking according to least 
nominal capacity, the smallest footprint, the smallest volume or the smallest 
mass. Therefore, in the case of four autonomy days, if a technology is 
the most favourable in terms of nominal capacity, footprint, volume or 
mass doesn’t mean that it is the most favourable one in terms of 
investment cost too and vice versa. 
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Figure 5-29: Battery investment cost (low range) for electrically heated 
properties in the various scales under the different scenarios in winter 2030 
for one day of autonomy considering the minimum cost from Table 5-8 
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
min max min max min max min max min max min max min max min max min max
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
In
ve
st
m
en
t c
os
t (
€)
 
Investment cost (€) - 1 autonomy day - low range
BAU 2030
5 households
4 households
3 households
2 households
1 household
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
min max min max min max min max min max min max min max min max min max
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
In
ve
st
m
en
t c
os
t (
€)
 
Investment cost (€) - 1 autonomy day - low range
EE 2030
5 households
4 households
3 households
2 households
1 household
0
10,000
20,000
30,000
40,000
50,000
60,000
70,000
80,000
min max min max min max min max min max min max min max min max min max
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
In
ve
st
m
en
t c
os
t (
€)
 
Investment cost (€) - 1 autonomy day - low range
Te 2030
5 households
4 households
3 households
2 households
1 household
 
 
241 
 
Figure 5-30: Battery investment cost (high range) for electrically heated 
properties in the various scales under the different scenarios in winter 2030 
for one day of autonomy considering the maximum cost from Table 5-8 
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It is observed from Figure 5-29 and Figure 5-30 that NiCd and NiMH, 
followed by Li-ion, are the most expensive technologies in the low range 
case (Figure 5-29) in all scenarios in 2030 with one autonomy days. Pb-acid, 
Zn-air, V-Redox, ZnBr and NaNiCl options have considerably lower 
investment costs. However, ZnBr and Zn-air are not applicable at all scales. 
As observed from Appendix C, Figure 5-29 and Figure 5-30, the ranking is 
the same as in the case for four days of autonomy considering either the 
mimimum or maximum cost per kWh for each technology from Table 5-8. 
Therefore, in both cases of daily autonomy, the same conclusions apply 
regarding the ranking of technologies, but not regarding their 
applicability in different scales. 
 
As it is observed in the technology ranking in Appendix D, the ranking 
according to smallest cost is very different from the ranking according to 
least nominal capacity in Table 5-5, the smallest footprint, the smallest 
volume or the smallest mass. 
 
5.3.5 Estimation of levelized cost of electricity (LCOE) 
The investment cost, as described in the previous section is a useful 
indicator of the capital investment for each of the battery technologies, but it 
doesn’t capture the competitiveness of the technologies over their lifetime. 
So it would be best to compare battery storage technologies not simply via a 
€/kWh of capacity figure, but via a €/kWh of electricity generated (over the 
lifetime of the product) figure, which is a levelized cost of electricity (LCOE) 
comparison. LCOE is the - per-kilowatthour - cost of building and operating a 
battery system over an assumed financial life and duty cycle [305]. Key 
inputs to calculating LCOE include capital costs, fixed and variable 
operations and maintenance (O&M) costs, round-trip efficiency, cycle life and 
DOD. 
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The LCOE of the battery, C!"#$ (€/kWh of electricity generated over lifetime 
of technology), is calculated using equation (4) below. Equation (4) is a 
synthesis from the equations presented in [306] and [307]. C!"#$ = C!"##C!"# ∗ η!"## ∗ N!"!#$% ∗ DOD 
 
where C!"## (€/kWh) is the battery investment cost C!"# is the nominal capacity of the battery η!"## is the round-trip efficiency of the battery N!"!#$% is the battery’s cycle life at the specified DOD and DOD is the depth of discharge 
 
The O&M costs of the batteries were not considered in this calculation. It was 
instead assumed that they are fixed during the year and therefore, they do 
not depend on the performance of the batteries. In addition, the cost of the 
BOS was not considered and was assumed to be the same for all 
technologies. Furthermore, another aspect that was not considered is the 
lower per kWh price in larger communities, i.e. number of connections, due 
to economies of scale. Instead, this study assumed that the price per kWh 
remains the same regardless of the number of connections. 
 
In equation (4) the efficiency, the cycle life and the DOD were substituted 
with the respective values from Table 5-8 for each technology and the 
nominal capacity and investment cost were substituted with the relevant 
values. The LCOE based on maximum and minimum investment cost for 
each of the nine technologies in winter is presented in Figure 5-31 and 
Figure 5-32. The data labels are also shown with two decimal places. This 
level of precision was considered appropriate in order to allow for effective 
comparisons among technologies. In both cases NiMH is the most 
unfavourable technology and this is attributed to its low cycle life, low round-
trip efficiency and high investment cost compared to the rest of the 
technologies. Zn-air is the most favourable option in both cases, yet the 
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LCOE for Zn-air is the same in both figures as there was no minimum and 
maximum value for its investment cost. In a similar way to the case with the 
minimum and maximum values for the investment cost, the values in Figure 
5-32 are more likely to be the case in 2030 due to greater deployment of 
EES technologies in the built environment, further R&D and mass production. 
What these values actually mean is that, for example, if one currently pays 
£0.14/kWh [308] or 0.19€/kWh7 as the standard electricity rate, by installing 
a Li-ion battery the cost would currently be 0.63€/kWh, but in 2030 it could 
come down to 0.07€/kWh. It is, therefore, observed that there is great 
potential for reduction of the LCOE for all technologies by 2030. More 
specifically, as Figure 5-33 shows, all technologies have the potential to 
reduce their LCOE value by over 75%, except for NaNiCl, whose potential is 
just over 50% for pricing reduction. Zn-air is also likely to have a reduced 
LCOE by 2030; yet it was not possible to quantify this as no information 
regarding a lower investment cost has been sourced from the literature or 
from manufacturers. Li-ion and V-Redox batteries present the greatest 
decrease in their LCOE value, namely from 0.63€/kWh to 0.07€/kWh and 
from 0.10€/kWh to 0.01€/kWh respectively. Considering the maximum 
investment cost Zn-air and NaNiCl are the most favourable technologies, 
followed by V-Redox. Considering the minimum investment cost, V-Redox 
and Zn-air are the least expensive options, followed by NaNiCl and the Li-
ion, NaS and ZnBr. 
 
                                            
7 The exchange rate of 1.4EUR per GBP for 2015 has been used [309].	
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Figure 5-31: LCOE for the nine battery technologies based on maximum 
investment cost from the range in Table 5-8 (lower values are more 
favourable) 
 
 
Figure 5-32: LCOE for the nine battery technologies based on minimum 
investment cost from the range in Table 5-8 (lower values are more 
favourable) 
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Figure 5-33: LCOE percentage difference considering maximum and 
minimum values for investment cost 
 
The ranking is subject to the applicability of the technologies in the scales of 
interest. It is observed that there is a clear difference in the LCOE ranking 
when considering the maximum or minimum investment cost from Table 5-8. 
In both cases Zn-air, NaNiCl and V-Redox are the top three options, 
while NiMH and NiCd and Pb-acid rank last. 
 
Comparing the LCOE with the investment cost ranges calculated in the 
previous section, the following observations can be made: considering the 
minimum investment cost per kWh, ZnBr, which is not within the top three 
technologies in the LCOE ranges, comes second in terms of the battery 
investment cost. In addition, while Zn-air ranks second in LCOE, it is not 
within the top three technologies in investment cost. Also while NaNiCl 
comes third in terms of LCOE, it comes first in terms of the investment cost. 
Similarly while V-Redox comes first in LCOE, it is ranked third in the 
investment cost. Considering the maximum investment cost per kWh, V-
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and ZnBr, which is not within the top three technologies in LCOE, ranks third 
in investment cost. Considering the above, it can be observed that there can 
be differences in technology suitability when the criterion is switched 
from investment cost to LCOE and vice versa. 
 
5.4 Discussion 
The Te 2030 scenario has been chosen as an example for discussion, as the 
comparisons across scenarios are similar due to the linearity of the values. 
The nominal capacity required by the battery technologies in winter along 
with the respective graphs for footprint, volume, mass, investment cost and 
LCOE for communities comprising up to 5 households in Te 2030 are 
presented in Figure 5-34 and Figure 5-35 below. On the left hand side of the 
figures the low range of the various aspects is presented, while the high 
range is on the right hand side. Figure 5-34 addresses four days of 
autonomy and Figure 5-35 one day of autonomy, and both figures allow for 
comparisons among the quantitative aspects of integration assessed in this 
chapter. The technologies are compared vertically across the 
aforementioned aspects and the strenghts and the weaknesses of each 
battery option are then discussed. 
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Figure 5-34: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 
technologies for four days of autonomy 
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Figure 5-35: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 
technologies for one day of autonomy 
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As observed in Figure 5-34 and Figure 5-35, the different aspects for four and one 
days of autonomy present a similar picture. The only aspect that is different and 
could affect the ranking of the technologies is their applicability to the different 
scales. 
  
Pb-acid requires the biggest nominal capacity and is by far the most unfavourable 
technology in terms of footprint, volume and mass. However, is applicable at all 
scales for both one and four days of autonomy, which is a convenient aspect. It has 
medium investment cost and relatively low LCOE, which makes it an economic 
option. 
 
NiCd is just behind Pb-acid as regards the nominal capacity and the mass and is 
only able to serve up to about 5 houses in the case of four autonomy days 
depending on the scenario, rendering it largely unfavourable in terms of these three 
aspects. If one autonomy day is required, NiCd would then be problematic for 
communities of 25 or more households. It has a big footprint especially when the 
maximum spatial requirement is assumed and medium volume. It has the highest 
investment cost per connection and high LCOE, making it an expensive storage 
option. 
 
NiMH has medium capacity requirement and has little applicability, being able to 
serve up to 4 houses in the case of four autonomy days depending on the scenario. 
If one autonomy day is required, NiMH would then be problematic for communities of 
10 or more households. It also has a quite big footprint especially in the case where 
the minimum spatial requirement has been considered. It has medium volume and 
mass values. It has high investment cost and the highest LCOE, making it the 
most expensive option over its lifetime. 
 
Li-ion ranks second in terms of nominal capacity requirement and being applicable 
at all scales for either one of four days of autonomy makes it a highly favourable 
technology. It is among the top three technologies regarding the footprint and ranks 
second in terms of volume and mass when the maximum energy density and 
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specific energy values are assumed. Li-ion, along with NaS, are among the most 
expensive technologies in terms of investment cost in both the low and high range 
graphs, yet it has medium to low LCOE assuming a great reduction in investment 
cost by 2030 due to R&D. 
 
NaS has medium nominal capacity requirement and might not be applicable for 
communities up to 3 households if four autonomy days are required depending on 
the scenario. In the case of one autonomy day, NaS might be problematic for 
communities of 10 or less households. It ranks either first or second as regards the 
footprint. NaS is among the top three technologies as regards the volume and the 
mass, regardless of whether the minimum or maximum energy density and specific 
energy values is considered. It has high investment cost, but medium to low LCOE. 
 
NaNiCl has medium nominal capacity requirement and is not applicable in 
communities consisting of 25 houses or more if four days of autonomy are required. 
Yet in the case of one autonomy day NaNiCl is applicable in all scales. It is a 
medium option regarding footprint. It ranks third in terms of mass if the maximum 
specific energy values are assumed and fourth if the minimum specific energy values 
are assumed. It has medium volume range like NiCd and NiMH. It has very low 
investment cost and LCOE. 
 
V-Redox has medium to low capacity requirement and might be problematic in 
serving communities of 50 households or more in the case of four autonomy days. 
Though it is applicable in all scales if one autonomy day is required. It is a relatively 
unfavourable technology regarding its footprint. It has medium mass values and 
considerably unfavourable volume requirements due to its low energy density. It has 
medium to low investment cost and the lowest LCOE assuming the low investment 
cost value expected in 2030. 
 
ZnBr has medium to low capacity requirement and is likely not to be applicable to 
communities comprising 25 households or more in the case of four autonomy days. If 
one autonomy day is required, ZnBr might be problematic in serving a group of 3 or 
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less households. It is a medium option regarding footprint, ranking fourth if the 
minimum value for spatial requirement is assumed .It has medium mass values and 
just like V-Redox, it is unfavourable in terms of volume. It has low or medium 
investment cost in the low and high cost range graphs respectively and medium to 
low LCOE. 
 
Zn-air requires the least nominal capacity and in terms of applicability in the case 
of 4 autonomy days it performs exactly the same as V-Redox, being potentially 
problematic for communities of 50 households or more. If one autonomy day is 
required, Zn-air might not be able to serve communities comprising up to five 
households. It is one of the top three technologies regrding footprint and also the 
top technology in terms of the lowest volume and mass, exhibiting the highest 
energy density and specific energy among all battery technologies. It also has 
medium to low investment cost and one of the lowest LCOE values. 
 
5.4.1 Volumetric analogy 
In order to assess the implications of the batteries’ volume on building design, a 
volumetric analogy was performed considering a standard washer device. Assuming 
a washer measuring 0.8m*0.8m*0.9m8 [310], the equivalent amount of washers 
(volume-wise) required for one household9 depending on the technology and 
scenario is presented in Table 5-9. A volumetric analogy is presented for 4 and 1 
days of autonomy in Figure 5-36 and Figure 5-37 respectively. 
 
                                            
8 The dimensions refer to (width*depth*height) respectively. 
9 The investigation in this section addresses only the scale of a single household, as the number of 
washers is proportional to the number of households. 
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Table 5-9: Equivalent amount of standard washer devices for 4 and 1 days of 
autonomy (volumetric analogy) 
  
 
 
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 203  7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cas s #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h .8 1. 2 . 3 .34 . 0 .14 . 4 .06 .07 .10 . 3 .20 .74 1.08 .7 1. 5 . 3 . 5
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 4 hours of autonomy, max energy density assumed
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Figure 5-36: Volumetric analogy demonstrating the number of standard washers 
required in each scenario for 4 days of autonomy 
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Figure 5-37: Volumetric analogy demonstrating the number of standard washers 
required in each scenario for 1 day of autonomy 
 
As shown in Figure 5-36, considering the maximum energy density values that are 
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requirements, as they would require an equivalent amount of less than 5 standard 
washers. This is a reasonable volume considering the amount of autonomy days 
they could serve. In the case of 1 autonomy day, as seen in Figure 5-37, assuming 
the maximum energy density values, a single household would need a maximum 
equivalent volume of about 2 standard washers. This volume would apply again for 
Pb-acid, V-Redox and ZnBr technologies. The rest of the technologies would require 
an equivalent amount of less than 1 standard washer. The volumetric analogy 
shows that the implications of the integration of battery technologies on the 
spatial requirements are of little importance to designers. Greater attention 
should be given in the case of four days of autonomy, which indicates that 
consideration should be generally given for any period of over four days. For 
intermediate periods further analysis is suggested. 
 
5.4.2 Gravimetric analogy 
In order to further assess the implications of the batteries’ volume on building design, 
a gravimetric analogy was performed considering the same standard washer device. 
Assuming a washer with a mass of 80kg [310], the equivalent amount of washers 
(mass-wise) required for one household10 depending on the technology and scenario 
is presented in Table 5-10. A volumetric analogy is presented for 4 and 1 days of 
autonomy in Figure 5-38 and Figure 5-39 respectively. 
 
                                            
10 The investigation in this section addresses only the scale of a single household, as the number of 
washers is proportional to the number of households. The impact will therefore be proportional to the 
number of households. 
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Table 5-10: Equivalent amount of standard washer devices for 4 and 1 days of 
autonomy (gravimetric analogy) 
 
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
min max min max min max min max min max min max min max min max min max
BAU 2030 151.2 375.6 62.5 155.2 35.3 87.8 16.3 40.6 13.8 34.3 15.0 37.2 22.9 57. 28.2 70.1 .9 9.7
EE 2030 105.5 263.0 43.6 108.6 24.7 61.5 11.4 28.4 9.6 24.0 10.5 26.1 16.0 39.9 19.7 49.1 2.7 6.8
Te 2030 200.0 357.5 82.6 147.7 46.8 83.6 21.6 38.6 18.3 32.6 19.8 35.5 30.4 54.3 37.3 66.7 5.2 9.2
BAU 2030 81.6 202.8 35.1 87.3 17.7 43.9 6.5 16.2 8.6 21.4 15.0 37.2 22.9 57.0 21.2 52.6 3.9 9.7
EE 2030 57.0 142.0 24.5 61.1 12.3 30.7 4.6 11.4 6.0 15.0 10.5 26.1 16.0 39.9 14.8 36.8 2.7 6.8
Te 2030 108.0 193.1 46.5 83.1 23.4 41.8 8.6 15.5 11.4 20.4 19.8 35.5 30.4 54.3 28.0 50.0 5.2 9.2
BAU 2030 20.1 47.8 8.3 19.8 4.7 11.2 2.2 5.2 1.8 4.4 2.0 4.7 3.0 7.3 3.7 8.9 0.5 1.2
EE 2030 14.0 33.5 5.8 13.8 3.3 7.8 1.5 3.6 1.3 3.1 1.4 3.3 2.1 5.1 2.6 6.2 0.4 0.9
Te 2030 25.8 45.3 10.7 18.7 6.0 10.6 2.8 4.9 2.4 4.1 2.6 4.5 3.9 6.9 4.8 8.5 0.7 1.2
BAU 2030 10.8 25.8 4.7 11.1 2.3 5.6 0.9 2.1 1.1 2.7 2.0 4.7 3.0 7.3 2.8 6.7 0.5 1.2
EE 2030 7.5 18.1 3.2 7.8 1.6 3.9 0.6 1.4 0.8 1.9 1.4 3.3 2.1 5.1 2.0 4.7 0.4 0.9
Te 2030 13.9 24.5 6.0 10.5 3.0 5.3 1.1 2.0 1.5 2.6 2.6 4.5 3.9 6.9 3.6 6.3 0.7 1.2
Use cases #1 and #3
DR 2030 7h 6.09 14.33 2.50 5.90 1.41 3.33 0.66 1.55 0.46 1.09 0.53 1.24 0.84 1.99 1.13 2.66 0.16 0.37
Use cases #2 and #4
Te 2030 7h or 14h 17.86 26.10 7.35 10.75 4.14 6.05 1.93 2.83 1.36 1.99 1.55 2.26 2.48 3.61 3.31 4.84 0.46 0.68
Use case #5
DR 2030/EV 
contribution 7h
N/R 2.55 N/R 1.05 N/R 0.59 N/R 0.28 N/R N/A N/R 0.22 N/R 0.35 N/R 0.47 N/R 0.07
Use cases #1 and #3
DR 2030 7h 3.29 7.74 1.41 3.33 0.70 1.66 0.26 0.63 0.29 0.68 0.53 1.24 0.84 1.99 0.85 1.99 0.16 0.37
Use cases #2 and #4
Te 2030 7h or 14h 9.65 14.10 4.14 6.05 2.08 3.03 0.78 1.13 0.85 1.25 1.55 2.26 2.48 3.61 2.48 3.63 0.46 0.68
Use case #5
DR 2030/EV 
contribution 7h
N/R 1.38 N/R 0.59 N/R 0.30 N/R 0.11 N/R N/A N/R 0.22 N/R 0.35 N/R 0.35 N/R 0.07
N/A    Technology not applicable at all scales N/R    Storage not required at home level
7 or 14 hours of autonomy, max specific energy assumed
   The technology is not applicable for one household; however the equivalent value for one household is illustrated 
to 
   provide an analogy
ZnBr Zn-air
4 days of autonomy, max specific energy assumed
1 day of autonomy, min specific energy assumed
1 day of autonomy, max specific energy assumed
7 or 14 hours of autonomy, min specific energy assumed
Electrically heated communities/winter - 1 connection
Gravimetric analogy - equivalent amount of standard washer devices
Scenarios
and
use cases
4 days of autonomy, min specific energy assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox
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Figure 5-38: Gravimetric analogy demonstrating the number of standard washers 
required in each scenario for 4 days of autonomy 
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Figure 5-39: Gravimetric analogy demonstrating the number of standard washers 
required in each scenario for 1 day of autonomy 
 
As shown in Figure 5-38, considering the maximum specific energy values that are 
more likely in 2030 due to R&D, a single household would have a maximum 
equivalent mass of about 200 standard washers for 4 days of autonomy. This mass 
is remarkably high, but it would apply only for Pb-acid, which have low specific 
energy values. In order to circumvent any structural limitations in the design of the 
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floor, Li-ion, NaS and Zn-air could serve as good alternatives, having only 5-10% of 
this mass, thus an equivalent mass of 5-20 washers. 
 
This is a reasonable mass considering the amount of autonomy days they could 
serve. In the case of 1 autonomy day, as seen in Figure 5-39, assuming the 
maximum specific energy values, a single household would have a maximum 
equivalent mass of about 25 standard washers. This mass would apply again only 
for Pb-acid, whilst Li-ion, NaS and Zn-air would have an equivalent mass of less than 
3 standard washer. The gravimetric analogy shows that the implications of the 
integration of battery technologies regarding their mass and associated 
structural requirements of the floor are of little importance to designers. 
Greater attention should be given when more than one day of autonomy is 
applied. 
 
Based on the findings from this chapter, Table 5-11 below presents a schematic 
characterisation of the battery technologies according to their suitability across the 
integration criteria as well as their applicability in different building scales. The picture 
presented there is that of the low range scenarios and is based on the minimum 
spatial requirement, maximum energy density, maximum specific energy and 
minimum investment cost from the range in Table 5-8, as these figures are more 
likely in 2030 due to R&D. 
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Table 5-11: Illustration of suitability criteria for battery technologies with daily storage 
in the low range scenarios in 2030 
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5.5 Conclusions 
The architectural implications of the integration of battery storage technologies 
considering daily storage are of little importance to designers. Attention should be 
given when more than one day of autonomy is applied. The choice of the most 
suitable technology according to its applicability in different building scales according 
to different daily autonomy periods should be carefully assessed. More specifically, 
in the case of an autonomy period of 4 days, as the number of properties increases, 
fewer technologies are available. In the case of an autonomy period of 1 day, for 10 
households all technologies are available and then on both sides of it, i.e. for either 
more or less households, the number of technologies gradually decreases. Hence, 
only 6 technologies are available for one household and only 7 for 75 households. In 
addition, Pb-acid and Li-ion technologies already have a wide enough energy rating 
range to be able to serve all scales at distribution level for an autonomy period of 4 
days in all scenarios in 2030. NaNiCl and V-Redox are also suitable at all scales if 1 
day of autonomy is applied. 
 
In terms of the suitability criteria, if a technology is the most favourable in terms of 
nominal capacity, footprint, volume or mass doesn’t mean that it is the most 
favourable one in terms of investment cost too and vice versa. Li-ion, NaS and Zn-
air are the top three technologies exhibiting the smallest footprint and Pb-acid the 
last one having the biggest footprint. Regarding volume, in the case that the 
minimum energy density values are considered, Zn-air, NaS and NiMH are the top 
three technologies exhibiting the smallest volume. In the case where the maximum 
values are considered (which are more likely in 2030 due to R&D), the top three are 
Zn-air, Li-ion and NaS. In both cases Pb-acid, V-Redox and ZnBr are the least 
favourable technologies requiring the biggest volume. Regarding mass, in the case 
where the minimum specific energy values are considered, Zn-air, NaS and NaNiCl 
are the top three technologies exhibiting the smallest mass. In the case where the 
maximum values are considered, the top three are Zn-air, Li-ion and NaS. In both 
cases Pb-acid and NiCd are the least favourable technologies having the biggest 
mass. In terms of investment cost, a lower investment cost per kWh does not mean 
a lower investment cost for the entire battery bank, as it is dependent upon the 
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nominal capacity of the battery bank, which in turn largely depends on the DOD and 
the efficiency of the battery technology. In the case where the minimum cost per kWh 
is considered, NaNiCl, ZnBr and V-Redox are the top three technologies having the 
lowest investment cost, while NiCd is the most expensive one. In the case where the 
maximum cost per kWh is considered, the top three are NaNiCl, Zn-air and ZnBr, 
while Li-ion is the most expensive one. In terms of LCOE Zn-air, NaNiCl and V-
Redox are the top three options, while NiMH, NiCd and Pb-acid rank last. 
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Chapter 6 
Phase 3: Electrical energy storage 
requirements – sub-daily autonomy 
 
 
6.1 Overview 
This chapter addresses the second part of Phase 3 of the methodology, 
where the outputs of Phases 1 and 2 were combined. In this chapter, the 
study assessed the electrical energy storage requirements of the nine battery 
technologies identified in Phase 1 for community scales up to 75 buildings 
considering sub-daily storage, i.e. autonomies of 7 or 14 hours. Having the 
database from Phase 1, the electricity consumption ranges from phase 2 and 
the daily demand profiles as a base, the spatial requirements and the cost of 
the storage system for the scales of interest were estimated in five use cases 
in 2030. The process followed in this chapter is similar to the one in chapter 
5. This process led to a further set of considerations, which demonstrate how 
to allow for electricity storage in the future built environment, complementing 
the considerations for daily storage outlined in chapter 5. The results were 
then evaluated against a case study in the UK. An error variation and 
possible limitations are also included at the end. 
 
In this section, an investigation on the storage requirements for the different 
residential scales in the case that storage would be needed during the day is 
presented. The houses were assumed to be grid-connected and powered by 
renewable energy technologies, namely solar PVs. The PVs were assumed 
to generate electricity during the day, so that surplus electricity is stored in a 
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battery. The electricity stored in the battery is then discharged during the 
evening and/or night hours to power the needs of the house. The model 
presented in this section forces the battery to be emptied completely each 
night, as is suggested by Provost [67]. Furthermore, the use cases described 
below address winter weekend values to account for the highest electricity 
requirement. The methodology used in this section is the same as for the 
daily storage presented in section 5.1. Five use cases as to how many hours 
of storage on a diurnal basis would be required were investigated in this 
section. The load profiles for winter in three scenarios in 2030, which were 
adjusted from the profiles presented in section 4.5.2 are presented in Figure 
5-1. 
 
Figure 6-1: Domestic load profiles for unrestricted customers in electrically 
heated households on a weekend in DR 2030, Te 2030 with off-peak and on-
peak charging using DR 2030 peak load as a reference (author’s own) 
 
The peak load for DR 2030 was used as a base in order to draw the profiles 
for Te 2030. As the figure shows, the profiles for Te 2030 follow exactly the 
DR 2030 curve, except at the times when EV charging takes place; if on-
peak charging takes place (Te on-peak) there is a deviation from the DR 
2030 curve in the evening and if off-peak charging takes place (Te off-peak) 
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there is a deviation from the DR 2030 curve in the morning hours. Figure 6-1 
suggested the use cases and thus periods in which a battery could be of use 
in 2030. Two use cases were considered for DR 2030, one for Te 2030 on-
peak and two for Te 2030 off-peak. In DR 2030 a typical use case of battery 
discharging in the evening hours, after it would have been charged during the 
day from PVs, was assumed. In Te 2030 on-peak and Te off-peak the same 
scenario was assumed so as to explore the difference between the storage 
requirements. In addition to these three cases, another one in Te 2030 off-
peak where the battery discharge would account for the charging of the EV in 
the morning hours was also considered. Finally a fifth case assumed that the 
battery from an EV could contribute to the overall domestic consumption 
during the required hours of storage and this was included in the DR 2030 
scenario. This could be performed through the charging of an EV in a 
charging station away from the owner’s home, but at a relative proximity. 
Assuming that the vehicle’s battery holds a considerable amount of the 
capacity when arriving home, it could be used to power the electrical needs 
of the home in the evening. Nevertheless, a possible adoption barrier 
resulting from more frequent charging/discharging of the vehicles compared 
to driving alone and thus accelerated battery degradation would have to be 
carefully evaluated (e.g. [311]). 
 
6.2 Use cases 
An illustration is provided in Figure 6-2. As shown with a grey band at the 
bottom of the graph, the discharge of the battery from 5pm to 12am was 
considered. That is 7 hours of storage as Parra et al. [301] also suggest. This 
timing was chosen because in the three scenarios (DR and Te) load shifting 
starts at 5.30 and this is when the evening peak load starts to occur (Figure 
6-2). During peak time the grid electricity price is high because of high 
demand, so using a battery at that time would bring cost savings too. 
Moreover, to account for the slope increase between 5pm and 5.30pm, as 
seen in Figure 6-2, the discharge of the battery was assumed to start at 5pm. 
As for the end time of battery discharge in the cases of 7 hours storage, in 
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DR 2030 and Te 2030 on-peak, the load but also the grid electricity prices 
are much lower in the early morning hours after 12am, so storage is 
assumed to be required until 12am. Though in another use case in Te 2030 
off-peak, 14 hours of storage were assumed to account for EV charging, thus 
applying storage from 5pm to 7am on the following day (as indicated with the 
grey band). 
 
Figure 6-2: Illustration of assumptions and indication of hours of storage 
 
The five use cases are presented in Table 6-11. As shown, four of the use 
cases considered the discharge of the battery from 5pm to 12am. 
Considering the overall daily electricity consumption on a winter day in 
weekend in each scenario, as indicated in section 4.8, and its distribution 
over the day as shown in Figure 6-1, the calculation of the consumption from 
5pm to 12am was made possible. The consumption for this period in DR 
2030 was 43% of the overall daily consumption, so according to the 
minimum and maximum daily values, this translates to a minimum value of 
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3.1kWh and a maximum value of 7.3kWh, as indicated in Table 6-1. This 
applies for use cases 1 and 3 and can be seen in Figure 6-2. In the Te 2030 
scenarios, when the EV charging is included in the provision for storage, an 
additional consumption value of 6kWh was added. Therefore, the minimum 
value becomes 9.1kWh and the maximum value 13.3kWh, applying in use 
cases 2 and 4. In use case number 5, in which the EV makes a contribution 
by meeting part of the storage requirement, 6kWh were subtracted from the 
values presented for case number 1. Therefore only 3 kWh of effective 
storage capacity is required as a maximum. As for the minimum value in this 
case, not only is no storage required, but also the EV could contribute 
another 3kWh, indicated with a minus sign in this case. The electricity 
consumption for the indicated period in Table 6-1 coincides with the effective 
capacity !!""/! of the battery. 
 
Table 6-1: Use cases for electricity storage during the day 
Use cases Timing 
Hours 
of 
storage 
Consumption for 
this period (kWh) !!""/! Daily consumption for scenario (kWh) 
min max min max 
1. DR 2030 
No EV contribution 5pm - 12am 7 
3.1 
(44% of 
total) 
7.3 
(43% of 
total) 
7.1 17 
2. Te 2030 on-peak 
Including EV charging (5.30pm-
10.30pm) 
5pm - 12am 7 
9.1 
(69% of 
total) 
13.3 
(58% of 
total) 
13.1 23 
3. Te 2030 off-peak 
Not including EV charging (2am-7am) 5pm - 12am 7 
3.1 
(24% of 
total) 
7.3 
(32% of 
total) 13.1 23 
4. Te 2030 off-peak 
Including EV charging (2am-7am) 5pm - 7am 14 
9.1 
(69% of 
total) 
13.3 
(58% of 
total) 
5. DR 2030 
EV contribution 5pm - 12am 7 
-3 
(-42% 
of total) 
1.3 
(8% of 
total) 
7.1 17 
 
 
6.3 Estimation of batteries’ nominal capacity in the five use cases 
The nominal capacity, applicability, footprint, volume, mass, investment cost 
and LCOE were calculated or estimated in the same way as in the case of 
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four or one days of autonomy. The nominal capacity !!"#/! for each of the 
technologies and in the use cases described above was calculated using 
equation (2) from section 5.2 in the following form: 
 !!"#/! = !!""/! ∗ !! ∗ !! ∗ !"!!"## ∗ !"! ∗ !!"#  
 
It was assumed that minimal self-discharge would occur during the hours of 
operation of the battery, so the daily self-discharge factor !!" was not 
considered in this case. The nominal capacity for each of the technologies 
for the various scales considering the five use cases is presented in 
Appendix C. Regarding use case #5, there is a minus sign in the column for 
the minimum capacity, indicating the surplus amount of electricity the EV 
could contribute. The nominal battery capacity for communities comprising 
up to 5 households is presented in Figure 6-3. The ranking of the 
technologies was expected to be similar to the ranking in the case of four or 
one days as the assumptions used were the same in these cases. There 
might have been though some slight differences due to the exclusion of the 
self-discharge factor. 
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Figure 6-3: Nominal battery capacity for electrically heated communities of up 
to 5 households in the three use cases (autonomy of 7h or 14h) in winter 2030 
 
It is observed from Figure 6-3 that the results regarding the ranking of the 
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options, while Li-ion, V-Redox, ZnBr and Zn-air are the most efficient ones. 
In addition, NaS and NaNiCl are now characterized as favourable options, 
contrary to the findings in the case of four or one days of autonomy. This is 
attributed to the fact that no daily self-discharge was assumed to occur in the 
five use cases. More specifically in use cases #1 and #3, where no EV 
charging or EV contribution is included in the calculation of the storage 
capacity, Pb-acid could require a capacity of up to about 160kWh for a group 
of 5 households, while the most efficient technologies up to about one third of 
this capacity. In use cases #2 and #4, in which EV charging is included, Pb-
acid would require a capacity of about 280kWh, while the most efficient 
technologies about 100kWh. In the use case #5, where the charged EV 
feeds back to the home when arriving back in the evening, in the case 
of low consumption households, no additional storage would be 
required at home level. In addition Pb-acid could feed back an extra 
capacity (excluding losses) of about 65kWh, while the most efficient 
technologies a capacity of about 25kWh. However, not all technologies are 
suitable for EV applications, so for example, NiCd, NaS, V-Redox and ZnBr 
would not be applicable for low consumption households in use case 
#5. 
 
At this stage, an assessment on the applicability of the nine battery 
technologies for the different scales and use cases was performed in the 
same way as in the case of four or one days of autonomy. The applicability 
assessment for the five use cases is presented in Table 6-2. An illustration of 
the battery technologies’ applicability or not to community scales up to 5 
households is presented in Figure 6-4. 
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Table 6-2: Applicability of battery technologies for different scales in the five 
use cases (sub-daily autonomy of 7h or 14h) 
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Figure 6-4: Applicability of battery technologies for scales up to 5 households 
in the three use cases in winter 2030 (min and max indicate low consumption 
and high consumption households respectively. Void blocks indicate that the 
technology is not applicable for either the minimum or the maximum value 
calculated for the specific scale) 
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It is observed from Table 6-2 that the Pb-acid and Li-ion technologies 
already have a wide enough energy rating range to be able to serve all 
scales at distribution level for a sub-daily autonomy period. NaNiCl and V-
Redox could be applied to nearly all scales in use cases from #1 to #4, 
except for single low consumption households in use cases #1 and #3. In 
use case #5 they both start being suitable in groups of buildings of 5 or more. 
NiCd is not available for either low consumption households in communities 
of 75 buildings in use cases #2 and #4 or high consumption households in 
communities of 50-75 buildings depending on the use case. NiMH has a 
more limited applicability, as it is unsuitable for communities comprising 10 to 
75 households depending on the consumption and the use case. NaS is 
quite unfavourable, as it can only be applied in use cases #1 to #4 and only 
to scales bigger or equal to 25 households depending on the consumption 
and the use case. In use cases #1 to #4 ZnBr and Zn-air can only serve 
communities of at least 3 or 4 households respectively. In use case #5 both 
can serve scales of at least 50 households, but ZnBr can also serve smaller 
scales of about 25 households. 
 
The ranking of the technologies according to their nominal capacity and their 
applicability for the respective scales in the five use cases is presented in 
Appendix D. 
275 
 
6.4 Estimation of batteries’ footprint, volume, mass and cost for 
the five use cases 
 
The footprint of the battery technologies in the five use cases is presented in 
Figure 6-5 and Figure 6-6. The volume, mass and cost are also presented in 
the following figures. The same process as described in Chapter 6 for the 
four and one days of autonomy was followed and Appendices C and D can 
be used for guidance. 
276 
 
 
Figure 6-5: Battery footprint for electrically heated properties in the various scales in the five use cases assum
ing the m
inim
um
 
spatial requirem
ent values (left: all technologies, right: all but Pb-acid) 
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Figure 6-6: Battery footprint for electrically heated properties in the various scales in the five use cases assum
ing the m
axim
um
 
spatial requirem
ent values (left: all technologies, right: all but Pb-acid) 
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Figure 6-7: Battery volum
e (high and low range) for electrically heated properties in the various scales in the five use cases in winter 
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Figure 6-8: Battery m
ass (high and low range) for electrically heated properties in the various scales in the five use cases in winter 
2030 
0
500
1000
1500
2000
2500
3000
3500
m
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiClV-Redox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 7 hours of autonom
y - m
ax specific energy values
Use case #1: DR 2030, w
ithout EV contribution
Use case #3: Te 2030 off-peak, w
ithout EV charging
 low
 m
ass range
5 households
4 households
3 households
2 households
1 household
0
1000
2000
3000
4000
5000
6000
m
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiClV-Redox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 7 or 14 hours of autonom
y - m
ax specific energy values
Use case #2: Te 2030 on-peak, w
ith EV charging (7h)
Use case #4: Te 2030 off-peak, w
ith EV charging (14h)
low
 m
ass range
5 households
4 households
3 households
2 households
1 household
0
100
200
300
400
500
600
m
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
axm
in
m
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiClV-Redox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 7 hours of autonom
y - m
ax specific energy values
Use case #5: DR 2030, w
ith EV contribution
low
 m
ass range
5 households
4 households
3 households
2 households
1 household
0
1000
2000
3000
4000
5000
6000
m
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-
Redox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 7 hours of autonom
y - m
in specific energy values
Use case #1: DR 2030, w
ithout EV contribution
Use case #3: Te 2030 off-peak, w
ithout EV charging
 high m
ass range
5 households
4 households
3 households
2 households
1 household
0
2000
4000
6000
8000
10000
12000
m
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-
Redox
ZnBr
Zn-air
Mass kg
M
ass (kg) - 7 or 14 hours of autonom
y - m
in specific energy values
Use case #2: Te 2030 on-peak, w
ith EV charging (7h)
Use case #4: Te 2030 off-peak, w
ith EV charging (14h)
high m
ass range
5 households
4 households
3 households
2 households
1 household
0
200
400
600
800
1000
m
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
axm
inm
ax
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-
Redox
ZnBr
Zn-air
Mass kg
M
ass(kg) - 7 hours of autonom
y - m
in specific energy values
Use case #5: DR 2030, w
ith EV contribution
high m
ass range
5 households
4 households
3 households
2 households
1 household
280 
 
 
Figure 6-9: Battery investm
ent cost (high and low range) for electrically heated properties in the various scales in the three use 
cases in winter 2030 
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The picture regarding footprint is similar to the ones for four and one days of 
autonomy, except the values and the applicability in this case are lower. This 
is because the picture regarding nominal capacity was similar as well. So 
again, Pb-acid would occupy by far the most space in all use cases 
regardless of whether the minimum or maximum spatial requirement value is 
considered. Li-ion and Zn-air, where applicable, seem to be the most 
favourable technologies. As an example, let’s assume that the Li-ion 
technology was selected for storage at community level, shared among 5 
households. The battery would provide 7 hours of storage supplying the 
electricity needed to power the appliances in the five homes from 5pm to 
12am and also charge the EV (use case #2). Based on Figure 6-5 and 
Figure 6-6, the Li-ion battery would then occupy an area of about 0.6m2-
1.5m2 if these were high consumption households or an area of about 0.4m2-
1m2 if they were all low consumption households. In the case the households 
were mixed or had medium consumption levels, the footprint value would be 
somewhere in the middle of these two ranges. In a similar example where 
Pb-acid technology was used, based on Figure 6-5 and Figure 6-6 the 
battery would occupy an area of about 16m2-60m2 in the case of high 
consumption households and an area of about 10m2-40m2 in the case of low 
consumption households. 
 
If the battery at home level was not used to also charge the EV (use cases 
#1 and #3), apart from the home appliances from 5pm-12am, the footprint 
would decrease by 45-65% depending on the exact value of spatial 
requirement used. If the EV provided part of the storage for the home 
appliances (use case #5), the footprint would be about 90% smaller, which 
signifies a huge difference. 
 
The picture regarding volume is similar to the ones for four and one days of 
autonomy, except the values and the applicability in this case are lower. So 
again, Pb-acid would be the most unfavourable, needing the most volume in 
all use cases regardless of whether the minimum or maximum energy 
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density value is considered. Li-ion and Zn-air, where applicable, seem to be 
the most favourable technologies. Considering the previous example 
regarding the footprint of Li-ion and Pb-acid in a community comprising five 
households, now based on Figure 6-7, the Li-ion battery would then need a 
volume of about 0.2m3-1m3 if these were high consumption households or an 
area of about 0.1m3-0.8m3 if they were all low consumption households. In 
the case the households were mixed or had medium consumption levels, the 
volume value would be somewhere in the middle of these two ranges. In a 
similar example where Pb-acid technology was used, based on Figure 6-7 
the battery would need a volume of about 3.5m3-7m3 in the case of high 
consumption households and a volume of about 2.5m3-5m3 in the case of low 
consumption households. 
 
If the battery at home level was not used to also charge the EV (use cases 
#1 and #3), apart from the home appliances from 5pm-12am, the volume 
would decrease by 45-65% depending on the exact value of energy density 
used. If the EV provided part of the storage for the home appliances (use 
case #5), the required volume would be about 90% smaller, which signifies a 
huge difference. 
 
The picture regarding the mass of the battery technologies in the five use 
cases is similar to the ones for four and one days of autonomy, except the 
values and the applicability in this case are lower. So again, Pb-acid would 
be the most unfavourable technology, weighing the most in all use cases 
regardless of whether the minimum or maximum energy density value is 
considered. Li-ion, NaNiCl and Zn-air, where applicable, seem to be the most 
favourable technologies. Considering the previous example (use cases #2) 
regarding the footprint and the volume of Li-ion and Pb-acid in a community 
comprising five households, now based on Figure 6-8, the Li-ion battery 
would then weigh about 300kg-800kg if these were high consumption 
households or about 450kg-1100kg if they were all low consumption 
households. In the case the households were mixed or had medium 
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consumption levels, the mass would be somewhere in the middle of these 
two ranges. In a similar example where Pb-acid technology was used, based 
on Figure 6-8 the battery would weigh about 5500kg-10.500kg in the case of 
high consumption households and about 4000kg-8000kg in the case of low 
consumption households. 
If the battery at home level was not used to also charge the EV (use cases 
#1 and #3), apart from the home appliances from 5pm-12am, its mass would 
decrease by 45-65% depending on the exact value of specific energy used. If 
the EV provided part of the storage for the home appliances (use case #5), 
the mass would be about 90% lighter. 
 
The picture regarding the investment cost of the battery technologies in the 
five use cases is similar to the ones for four and one days of autonomy, 
except the values and the applicability in this case are lower. So again, NiCd, 
NiMH and Li-ion would be the most unfavourable technologies, while NaNiCl 
and Zn-air, where applicable, seem to be the most favourable ones. 
Considering the previous example (use cases #2) regarding the footprint, the 
volume and the mass of Li-ion and Pb-acid in a community comprising five 
households, now based on Figure 6-8, the Li-ion battery would then cost 
about 22,500€-200,000€ if these were high consumption households or 
about 15,000€-140,000€ if they were all low consumption households. In the 
case the households were mixed or had medium consumption levels, the 
cost would be somewhere in the middle of these two ranges. In a similar 
example where Pb-acid technology was used, based on Figure 6-7 the 
battery would cost about 15,000€-90,000€ in the case of high consumption 
households and about 10,000€-60,000€ in the case of low consumption 
households. If Zn-air was chosen instead, the investment cost would be 
around 14,000€ for high consumption households and around 9,000€ for 
low consumption households. 
 
If the battery at home level was not used to also charge the EV (use cases 
#1 and #3), apart from the home appliances from 5pm-12am, the initial costs 
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would decrease by 45-65% depending on the exact value of cost per kWh 
used. If the EV provided part of the storage for the home appliances (use 
case #5), the investment costs would come down by about 90%, which 
signifies huge savings. 
 
The LCOE in the five use cases is the same as for the daily storage 
(presented in chapter 6) for all technologies, as the factors that would affect 
the LCOE values, such as cycle-life, DOD and efficiency remain the same. 
 
6.5 Discussion 
Figure 6-10, Figure 6-11 and Figure 6-12 below present the nominal capacity 
required by the battery technologies along with the respective graphs for 
footprint, volume, mass, investment cost and LCOE for communities 
comprising up to 5 households in use cases #1 and #3, #2 and #4, and #5 
respectively. On the left hand side of the figures the low range of the various 
aspects is presented, while the high range is on the right hand side. Figure 6-
10 addresses 7 hours of autonomy without EV charging supplied by storage 
at home level, Figure 6-11 7 or 14 hours of autonomy with EV charging 
supplied by storage at home level and Figure 6-12 7 hours where an amount 
of the electricity needed in this period is supplied by the EV. All three figures 
allow for comparisons among the quantitative aspects of integration 
assessed in this chapter. The technologies are compared vertically across 
the aforementioned aspects and the strenghts and the weaknesses of each 
battery option are discussed. 
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Figure 6-10: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 
technologies for cases #1 and #3 
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Figure 6-11: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 
technologies for cases #2 and #4 
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Figure 6-12: Comparison among nominal capacity, applicability, footprint, volume, mass, investment cost and LCOE of battery 
technologies for case #5 
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As discussed earlier, the picture in Figure 6-10, Figure 6-11 and Figure 6-12 is 
similar to the one for four or one days of autonomy, except the applicability and the 
values are different. So the relationship among the different battery technologies is 
quite the same. It would be worth spotting that in Figure 6-12 that represents the use 
case where the EV feeds back to the home (use case #5), no storage at home level 
is required if the households have low consumption. Overall Pb-acid is still the most 
unfavourable technology in terms of footprint, volume and mass, while Li-ion and Zn-
air score high in almost all aspects. Li-ion has high investment cost, yet relatively low 
LCOE. 
 
6.5.1 Volumetric analogy 
Similarly to the process followed in chapter 5, in order to assess the implications of 
the batteries’ volume on building design, a volumetric analogy was performed 
considering a standard washer2 device. The equivalent amount of washers (volume-
wise) required for one household3 depending on the technology and use case is 
presented in Table 6-9. The volumetric analogy is presented for sub-daily storage, 
namely 7 or 14 hours of autonomy in Figure 6-13. 
 
 
 
 
 
 
 
 
 
 
 
                                            
2 The washer’s dimensions, as presented in chapter 5 are 0.8m*0.8m*0.9m (width*depth*height) [310] 
3 The investigation in this section addresses only the scale of a single household, as the number of 
washers is proportional to the number of households. 
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Table 6-3: Equivalent amount of standard washer devices for 4 days of autonomy, 1 
day and 7 or 14 hours of autonomy (volumetric analogy) 
  
 
 
 
 
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0 23 0 34 0 0 0 14 0 26 0 38 07 0 1 0 18 0 26 1.29 1.88 1.38 2.02 03 05
Use case #5
DR 203 /EV 
contribution 7h
N/R 0.2392 N/R 0 03 N/R 0 1 N/R 04 N/R N/A N/R 0 0 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assum d
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 .36 3.40 .59 1.46 1.54 3.83 .50 .25 .21 3.02 8.34 0.7 8.21 0.45 .19 .4
Te 18.75 33.52 2.58 4.61 1.11 .99 2.92 5.21 .95 .70 2.30 4.10 15.81 8.26 15.55 7.80 .36 .64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 .33 .36 3.40 .59 1.46 .25 .63 .50 .25 0.91 2. 6 4.77 1.88 4.69 1. .19 .4
Te 9.38 6.76 2.58 4.61 1.11 .99 .48 .85 .95 .70 1.72 3.08 9.03 6.15 8.8 5.8 .36 .64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 .31 3.14 .18 .43 .08 .19 . 0 .49 .07 .16 .16 .38 .10 2.65 .09 2.60 . 3 . 6
Te 2.42 4.2 .33 .58 .14 .25 .38 .66 .12 .22 .30 .52 2.04 3.58 2. 1 3.52 . 5 . 8
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 .66 1.57 .18 .43 .08 .19 . 3 .08 .07 .16 . 2 .29 .63 1.51 .62 1.49 . 3 . 6
Te 1.21 2.12 .33 .58 .14 .25 . 6 .11 .12 .22 .2 .3 1.16 2.05 1.15 2.01 . 5 . 8
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
!
Use cases!
!
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Figure 6-13: Volumetric analogy demonstrating the number of standard washers 
required in each scenario for 7 or 14 hours of autonomy 
 
As shown in Figure 6-13, considering the maximum energy density values that are 
more likely in 2030 due to R&D, a single household would need a maximum 
equivalent volume of about 1.3 standard washers for 7 or 14 hours of autonomy. This 
volume would apply for Pb-acid, V-Redox and ZnBr technologies in use cases #2 
and #4, in which the EV battery is also charged from the home battery. The rest of 
the technologies, which could be used as an alternative, have minor volume 
requirements, in the range of an equivalent volume of 0.2 washers. The volumetric 
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analogy shows that the implications of the integration of battery technologies 
on the spatial requirements are of no importance to designers in the case of 
sub-daily storage. 
 
6.5.2 Gravimetric analogy 
In order to further assess the implications of the batteries’ volume on building design, 
a gravimetric analogy was performed considering the same standard washer4 
device. The equivalent amount of washers (mass-wise) required for one household 
depending on the technology and use case is presented in Table 6-4. A gravimetric 
analogy is presented for 7 and 14 hours of autonomy in Figure 6-14. 
 
Table 6-4: Equivalent amount of standard washer devices for 4 days of autonomy, 1 
day and 7 or 14 hours of autonomy (gravimetric analogy) 
 
 
 
                                            
4 The washer is assumed to have a mass of 80kg [310], as presented in chapter 5. 
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 1.36 3.40 0.59 1.46 1.54 3.83 0.50 1.25 1.21 3.02 8.34 20.79 8.21 20.45 0.19 0.47
Te 2030 18.75 33.52 2.58 4.61 1.11 1.99 2.92 5.21 0.95 1.70 2.30 4.10 15.81 28.26 15.55 27.80 0.36 0.64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 12.33 1.36 3.40 0.59 1.46 0.25 0.63 0.50 1.25 0.91 2.26 4.77 11.88 4.69 11.69 0.19 0.47
Te 2030 9.38 16.76 2.58 4.61 1.11 1.99 0.48 0.85 0.95 1.70 1.72 3.08 9.03 16.15 8.89 15.89 0.36 0.64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 1.31 3.14 0.18 0.43 0.08 0.19 0.20 0.49 0.07 0.16 0.16 0.38 1.10 2.65 1.09 2.60 0.03 0.06
Te 2030 2.42 4.24 0.33 0.58 0.14 0.25 0.38 0.66 0.12 0.22 0.30 0.52 2.04 3.58 2.01 3.52 0.05 0.08
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 0.66 1.57 0.18 0.43 0.08 0.19 0.03 0.08 0.07 0.16 0.12 0.29 0.63 1.51 0.62 1.49 0.03 0.06
Te 2030 1.21 2.12 0.33 0.58 0.14 0.25 0.06 0.11 0.12 0.22 0.22 0.39 1.16 2.05 1.15 2.01 0.05 0.08
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
min max min max min max min max min max min max min max min max min max
BAU 2030 14.17 35.21 1.95 4.85 0.84 2.09 2.20 5.48 0.72 1.79 1.74 4.31 11.95 29.69 11.76 29.21 0.27 0.67
EE 2030 9.89 24.66 .36 3.40 .59 1.46 1.54 3.83 .50 .25 .21 3.02 8.34 0.7 8.21 0.45 .19 .4
Te 18.75 33.52 2.58 4.61 1.11 .99 2.92 5.21 .95 .70 2.30 4.10 15.81 8.26 15.55 7.80 .36 .64
BAU 2030 7.09 17.61 1.95 4.85 0.84 2.09 0.36 0.90 0.72 1.79 1.30 3.23 6.83 16.97 6.72 16.69 0.27 0.67
EE 2030 4.95 2.33 .36 3.40 .59 1.46 .25 .63 .50 .25 0.91 2. 6 4.77 1.88 4.69 1. .19 .4
Te 9.38 6.76 2.58 4.61 1.11 .99 .48 .85 .95 .70 1.72 3.08 9.03 6.15 8.8 5.8 .36 .64
BAU 2030 1.88 4.48 0.26 0.62 0.11 0.27 0.29 0.70 0.10 0.23 0.23 0.55 1.59 3.78 1.56 3.72 0.04 0.09
EE 2030 .31 3.14 .18 .43 .08 .19 . 0 .49 .07 .16 .16 .38 .10 2.65 .09 2.60 . 3 . 6
Te 2.42 4.2 .33 .58 .14 .25 .38 .66 .12 .22 .30 .52 2.04 3.58 2. 1 3.52 . 5 . 8
BAU 2030 0.94 2.24 0.26 0.62 0.11 0.27 0.05 0.11 0.10 0.23 0.17 0.41 0.91 2.16 0.89 2.13 0.04 0.09
EE 2030 .66 1.57 .18 .43 .08 .19 . 3 .08 .07 .16 . 2 .29 .63 1.51 .62 1.49 . 3 . 6
Te 1.21 2.12 .33 .58 .14 .25 . 6 .11 .12 .22 .2 .3 1.16 2.05 1.15 2.01 . 5 . 8
Use cases #1 and #3
DR 2030 7h 0.57 1.34 0.08 0.18 0.03 0.08 0.09 0.21 0.02 0.06 0.06 0.14 0.44 1.03 0.47 1.11 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 1.67 2.45 0.23 0.34 0.10 0.14 0.26 0.38 0.07 0.10 0.18 0.26 1.29 1.88 1.38 2.02 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.2392 N/R 0.03 N/R 0.01 N/R 0.04 N/R N/A N/R 0.03 N/R 0.18 N/R 0.20 N/R 0.005
Use cases #1 and #3
DR 2030 7h 0.29 0.67 0.08 0.18 0.03 0.08 0.01 0.03 0.02 0.06 0.05 0.11 0.25 0.59 0.27 0.63 0.01 0.03
Use cases #2 and #4
Te 2030 7h or 14h 0.84 1.22 0.23 0.34 0.10 0.14 0.04 0.06 0.07 0.10 0.13 0.20 0.74 1.08 0.79 1.15 0.03 0.05
Use case #5
DR 2030/EV 
contribution 7h
N/R 0.12 N/R 0.03 N/R 0.01 N/R 0.01 N/R N/A N/R 0.02 N/R 0.11 N/R 0.11 N/R 0.005
N/A    Technology not applicable at all scales N/R    Storage not required at home level
   The technology is not applicable for one household; however the equivalent value for one household is illustrated to 
   provide an analogy
Electrically heated communities/winter - 1 connection
Volumetric analogy - equivalent amount of standard washer devices
4 days of autonomy, min energy density assumed
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
4 days of autonomy, max energy density assumed
1 day of autonomy, min energy density assumed
1 day of autonomy, max energy density assumed
Scenarios
and
use cases
7 or 14 hours of autonomy, min energy density assumed
7 or 14 hours of autonomy, max energy density assumed
!
Use cases!
!
min max min max min max min max min max min max min max min max min max
BAU 2030 151.2 375.6 62.5 155.2 35.3 87.8 16.3 40.6 13.8 34.3 15.0 37.2 22.9 57.0 28.2 70.1 3.9 9.7
EE 2030 105.5 263.0 43.6 108.6 24.7 61.5 11.4 28.4 9.6 24.0 10.5 26.1 16.0 39.9 19.7 49.1 2.7 6.8
Te 2030 200.0 357.5 82.6 147.7 46.8 83.6 21.6 38.6 18.3 32.6 19.8 35.5 30.4 54.3 37.3 66.7 5.2 9.2
BAU 2030 81.6 202.8 35.1 87.3 17.7 43.9 6.5 16.2 8.6 21.4 15.0 37.2 22.9 57.0 21.2 52.6 3.9 9.7
EE 2030 57.0 142.0 24.5 61.1 12.3 30.7 4.6 11.4 6.0 15.0 10.5 26.1 16.0 39.9 14.8 36.8 2.7 6.8
Te 2030 108.0 193.1 46.5 83.1 23.4 41.8 8.6 15.5 11.4 20.4 19.8 35.5 30.4 54.3 28.0 50.0 5.2 9.2
BAU 2030 20.1 47.8 8.3 19.8 4.7 11.2 2.2 5.2 1.8 4.4 2.0 4.7 3.0 7.3 3.7 8.9 0.5 1.2
EE 2030 14.0 33.5 5.8 13.8 3.3 7.8 1.5 3.6 1.3 3.1 1.4 3.3 2.1 5.1 2.6 6.2 0.4 0.9
Te 2030 25.8 45.3 10.7 18.7 6.0 10.6 2.8 4.9 2.4 4.1 2.6 4.5 3.9 6.9 4.8 8.5 0.7 1.2
BAU 2030 10.8 25.8 4.7 11.1 2.3 5.6 0.9 2.1 1.1 2.7 2.0 4.7 3.0 7.3 2.8 6.7 0.5 1.2
EE 2030 7.5 18.1 3.2 7.8 1.6 3.9 0.6 1.4 0.8 1.9 1.4 3.3 2.1 5.1 2.0 4.7 0.4 0.9
Te 2030 13.9 24.5 6.0 10.5 3.0 5.3 1.1 2.0 1.5 2.6 2.6 4.5 3.9 6.9 3.6 6.3 0.7 1.2
Use cases #1 and #3
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Electrically heated communities/winter - 1 connection
Gravimetric analogy - equivalent amount of standard washer devices
Scenarios
and
use cases
4 days of autonomy, min specific energy assumed
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Figure 6-14: Gravimetric analogy demonstrating the number of standard washers 
required in each scenario for 7 or 14 hours of autonomy 
 
As shown in Figure 6-14, considering the maximum specific energy values that are 
more likely in 2030 due to R&D, a single household would have a maximum 
equivalent mass of about 14 standard washers for 7 or 14 hours of autonomy. This 
mass is quite high, but it would apply only for Pb-acid, which have low specific 
energy values, in use cases #2 and #4. In order to circumvent any structural 
limitations in the design of the floor, the rest of the technologies could serve as good 
alternatives, having only 5-40% of this mass, thus an equivalent mass of 0.2-6 
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washers. The gravimetric analogy shows that the implications of the 
integration of battery technologies regarding their mass and associated 
structural requirements of the floor are of little importance to designers. 
 
Based on the findings of this chapter, Table 6-5 below presents a schematic 
characterisation of the battery technologies according to their suitability across the 
integration criteria as well as their applicability in different community scales5 in the 
case of an autonomy period of hours. The picture presented there is that of the low 
range scenarios and is based on the minimum spatial requirement, energy density, 
specific energy and investment cost, as these figures are more likely in 2030 due to 
R&D. 
 
 
 
 
 
 
 
 
 
 
 
 
                                            
5 The applicability in different community scales is explained in the box in the bottom right corner of 
Table 6-5. Depending on the full applicability (black), partial applicability (grey/hatch) or no 
applicability (blank) of the technologies, the pie slices, which correspond to different community 
scales, are painted with the appropriate colour. The result is indicated in the table’s column titled 
“Applicability in scales”. So looking back at the pie, starting from 00:00 and going clockwise, the first 
slice corresponds to 1 household, the first two slices to two, three slices to three and so on until five. 
Then half the pie corresponds to 10 households, 4/6 of the pie to 25, 5/6 of the pie to 50 and the 
whole pie to 75 households, which is the highest scale. 
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Table 6-5: Illustration of suitability criteria for battery technologies in sub-daily 
storage in the three use cases in 2030 
   
 
Comparing Table 6-5 with Table 6-11, it is observed that the applicability of the 
technologies among the different autonomy periods differs at a great extend. In 
addition the nominal capacity of NaS and NaNiCl is a highly favourable aspect in the 
case of hourly storage, while it has a medium favourability in daily storage. This 
difference, which results from the ranking of the technologies presented in Appendix 
D, would possibly have to do with the fact that the daily self-discharge rate that 
varies among technologies was not included in the calculations. In addition, the 
footprint of NiCd and V-Redox has medium favourability in the case of hourly 
Use cases
 #1 and #3
(7h)
Use cases
#2 and #4
(7h or 14h)
Use case #5
7h, with 
contribution 
from EV
Pb-acid
NiCd
NiMH
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Legend and notes
low suitability
       applicability in community scales
Mass Investment cost LCOE
 high suitability
       medium suitability
Nominal 
capacity
Applicability in scales
Footprint Volume
1 household!
2 households!
3 households!
4 households!
5 households!
10 households!
25 households!
50 households!
75 households! 0!
Applicable!
Not applicable!
Applicable for either high or!
low consumption households!
Applicability in community scales!
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storage, while in the case of daily storage it is not a favourable aspect. Again this 
could be attributed to the same factor as in the case of the nominal capacity. 
 
6.6 Generation from solar PV 
In order to gain a better understanding of how big a PV system supplying a dwelling 
would need to be in order to be able to meet the storage capacity requirements, an 
example is provided in this section. The example is based on the outputs of the 
previous section 6.4 and it specifically addresses a single household located in 
Cardiff, UK, considering all use cases, namely #1, #2, #3, #4 and #5. The analysis 
presented in this section is a backward-analysis, meaning that the installed PV 
capacity and the PV size are determined from the outputs of the previous section 
and specifically the nominal capacity of the storage system. The analysis was 
performed through the use of the PVGIS method that uses the Geographical 
Information System (GIS) GRASS to combine geospatial data with known 
correlations for the performance estimation of crystalline/thin film silicon modules 
under varying irradiance and temperature over large regions. Applying this approach, 
the PV performance can be estimated for any geographical location in the area 
under investigation. The PVGIS tool, developed in EU’s Joint Research Centre in 
Ispra, is combined with a system for accessing the data interactively via the Internet, 
so by inserting the input parameters the results on the required PV capacity are 
made available. The details of the PVGIS methodology and development can be 
found in key reference papers [312-314].  
 
Table 6-6 below presents the minimum and maximum nominal capacity values for 
one connection in winter. The applicability assessment from Table 6-2 has also been 
used in order to indicate the technologies that are not applicable for one connection, 
indicated in diagonal hatch in Table 6-6. 
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Table 6-6: Nominal capacity and applicability for one connection in all use cases 
   
 
As the battery capacity is designed based on the winter electricity consumption 
values that are higher, the installed PV capacity should meet this consumption in the 
winter months. Therefore, as December is the worst month in Cardiff, as shown in 
Figure 6-15, the PV panels need to be tilted at an angle that would yield the most 
electricity generation. The optimal panel inclination angle for each month in Cardiff is 
provided in Figure 6-16. So the optimum inclination angle for December in Cardiff 
would be 71°. However the optimal inclination angle throughout the year, so that the 
most electricity is generated on a yearly basis is 38°. Using this angle would ensure 
that the system would be as small as possible in order to be able to supply the 
battery filling 100% of its capacity. The azimuth was chosen to be 0°, as this was 
suggested to be the optimal orientation [315, 316]. Table 6-7 summarizes the 
parameters considered in the PVGIS model, which were the same for al use cases 
and the results are presented in Table 6-8, Table 6-9 and Table 6-10. 
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Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Average daily electricity production from the given PV system (kWh) - summer - JuneAverage daily electricity production from the given PV system (kWh) - summer - June
Use ases #2 a d #4
Te 2030 7h or 14h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Average daily electricity production from the given PV system (kWh) - summer - June
Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Use cases #1 and #3
DR 2030 7h
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Nominal battery capacity (kWh)
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Use case #5
DR 2030/EV contribution 7h
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Nominal battery capacity (kWh)
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N/R      Not required
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential scale
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technol gy can be applied to the respective residential sc le
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential scale
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
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Battery technology can be applied to the respective residential scale
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No storage required, as EV's contribution is more than enough
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Figure 6-15: Horizontal irradiation and irradiation at the optimal inclination angle as 
indicated in Figure 6-16 for Cardiff, UK [316] 
 
Figure 6-16: Optimal inclination angle of PV panels for each month for Cardiff, UK 
[316] 
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Table 6-7: Parameters of PV modules [316] 
Parameter Type/Value 
PV technology Crystalline silicon 
Optimal tilt of PV modules from horizontal plane 71° 
Optimal orientation angle relative to the south direction 0° 
Estimate losses due to temperature and low irradiance 11.6% 
Estimated losses due to angular reflectance effects 3% 
Other losses (cables, converter etc) 14% 
Combined PV system losses 26% 
 
Table 6-8: Nominal power and average daily electricity production in December and 
June of PV system in use cases #1 and #3 
  
Table 6-9: Nominal power and average daily electricity production in December and 
June of PV system in use cases #2 and #4 
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Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
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Use cases #2 and #4
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Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Average daily electricity production from the given PV system (kWh) - summer - June
Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Use cases #1 and #3
DR 2030 7h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use case #5
DR 2030/EV contribution 7h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use case #5
DR 2030/EV contribu ion 7h
No of
connection
Nominal batt ry capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use cases #1 and #3
DR 2030 7h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
N/A      Not applicable
N/R      N t required
N/A      Not applicable
N/R      Not required
N/A      Not applicable
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Notes:
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No storage required, as EV's contribution is more than enough
Notes:
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"high cons." is high c umption h u eh ld ac rding to the range used in the study
Battery technology can be applied to the respective residential sc l
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential scale
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential scale
Battery technology cannot be applied to the respective residential s ale
No storage required, as EV's contribution is more than enough
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Table 6-10: Nominal power and average daily electricity production in December and 
June of PV system in use case #5 
 
 
As observed in Table 6-8, Table 6-9 and Table 6-10 there is a considerable diversity 
in the nominal power of the PV system calculated by PVGIS in the five use cases. 
The least nominal PV power is required in use case #5, as the nominal battery 
capacity is lower, while the highest nominal PV power is required in use cases #2 
and #4. Considering the representative nominal installed PV capacities in the UK 
which range from 1-4kWp [317] or in some cases the capacity can be about 4.5kWp 
[301], the required PV power in use cases #1-#4 exceeds by far current practices. 
On this occasion the PV power could come from centralized solar PV plants. In use 
cases #1 and #3, however, the PV capacity required for Li-ion in low consumption 
houses is quite close to current typical installed PV capacities in the UK, as is the 
case with the nominal PV power for all the battery technologies that are applicable in 
use case #5. 
 
It should be noted that in use cases #1 to #4 the required PV power is high due to 
the assumption that all electricity consumed in the evening and/or night hours is 
generated by PVs. The PV power could thus be lower if a diesel generator for 
example was in place for partial supply of the load. In addition, the PV power 
requirement calculated for the five use cases does not include the supply of load of 
the house during daytime, so it only addresses the surplus PV generation during the 
day feeding the battery. Considering the average daily electricity production in the 
summer months, the PV system would potentially be able to provide part or all of the 
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Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Average daily electricity production from the given PV system (kWh) - summer - JuneAverage daily electricity production from the given PV system (kWh) - summer - June
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Average daily electricity production from the given PV system (kWh) - summer - June
Nominal power of PV system (kWp)
Average daily electricity production from the given PV system (kWh) - December
Use cases #1 and #3
DR 2030 7h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use case #5
DR 2030/EV contribution 7h
No of
connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use cases #2 and #4
Te 2030 7h or 14h
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connections
Nominal battery capacity (kWh)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
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No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential sc le
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
Notes:
"low cons." is low consumption household according to the range used in the study
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Battery technology can be applied to the respective residential scale
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Notes:
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Battery technology cannot be applied to the respective residential s ale
No storage required, as EV's contribution is more than enough
300 
 
daily demand in summer. Indeed, looking back at Table 6-7 (Chapter 6), the PV 
power calculated for June in use cases #2 and #4 would be more than enough to 
charge a battery large enough for either of the following cases in summer in 
Te 2030: 
• To supply one household for two days 
• To supply two households for one day 
In use cases #1 and #3 the match between the PV system’s electricity 
production and the battery’s capacity requirement for one summer day in Te 
2030 applies only to a household that has high consumption. In use case #5 
the PV system would not be able to fully charge a battery in summer with one-
day capacity. 
 
Regarding the area that the PVs would require in each use case, this again varies at 
a great extent. Considering an area of 8m2/kWp for polycrystalline PV modules [318], 
the required area for each of the use cases is presented in Table 6-11.  
 
Table 6-11: Required area for solar PV 
 
 
As expected, the minimal PV area is required in use case #5 and according to the 
technology used the area ranges from 16m2 for Li-ion to 48m2 for Pb-acid. The 
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1 48 32 24 16 N/A N/A N/A N/A N/A
    Not available as technology is not applicable  No storage required at home level
Use case #5
DR 2030/EV contribution 7h
No of
connections
Area of PV (m2)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Area of PV (m2)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Use cases #1 and #3
DR 2030 7h
No of
connections
Area of PV (m2)
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
N/A      Not applicable
N/R      Not required
Notes:
"low cons." is low consumption household according to the range used in the study
"high cons." is high consumption household according to the range used in the study
Battery technology can be applied to the respective residential scale
Battery technology cannot be applied to the respective residential scale
No storage required, as EV's contribution is more than enough
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equivalent area in use cases #1 and #3 would be about 5 times bigger and in cases 
#2 and #4 about 12 times bigger for Li-ion and 10 times bigger for Pb-acid. 
Considering the typical roof areas for UK detached, semi-detached and terraced 
houses that represent 72% of the stock [319] there is limited potential for PV 
integration in the roof. More specifically, the typical roof area is presented in Table 6-
12 and is 75m2 for detached houses, 52m2 for semi-detached houses and 35m2 for 
terraced houses [319]. Assuming that about half of the pitched roof would be facing 
south and thus be suitable for PV integration, it is observed that NiCd in use case 
#5 would be suitable technology only for detached houses, while NiMH and Li-
ion would be suitable for detached and semi-detached houses as well. Li-ion 
would be suitable for terraced houses too. However, if the roof area is not 
adequate, a part of land close to the house could be used for the installation of the 
PVs. 
 
Table 6-12: Typical roof area for detached, semi-detached and terraced houses in the 
UK [319] 
 Typical roof area 
(m2)  
Roof area facing 
south (m2) 
% of UK 
domestic stock 
Detached 75 37.5 16 
Semi-detached 52 26 28 
Terraced 35 17.5 28 
 
Therefore, based on current UK practices and on the current PV technology, 
the most sensible scenario would be to use the EV, which would be charged 
in a battery station, in order to power the electrical loads at home in the 
evening. 
 
Obviously if the optimal inclination angle for all the year round (38°), was chosen the 
nominal PV power would need to be much higher in all five use cases in order for the 
PV system to be able to charge the battery by 100%. This would ensure that the 
battery would not need to be charged additionally from the grid. However the balance 
between PV supply, battery storage and grid supply would need a detailed analysis 
302 
 
and would be based on many factors, such as the preferences of the occupant of the 
house, the optimal cost, the regulations and the DNO disposition among others. 
 
6.7 Evaluation of results against case study in the UK 
The off-grid project of Parc Bach farm in Wales, UK, is used as an example in order 
to evaluate the results of the investigation performed in this chapter. The farm is 
located in a remote area and uses only electricity to power its energy needs. The 
project is very recent, having been commissioned in May 2015 [320]. The Parc Bach 
farm is depicted in Figure 6-17. The farm is provided with a 5.2 kWp PV system and 
a 9.2 kWh Li-ion battery system, which provides the farm with sub-daily storage and 
is installed in the loft [320]. The battery system comprises 8 batteries, such as the 
one depicted in Figure 6-18. The dimensions and mass of each battery are 
249x293x168 mm and 12 kg respectively [321]. The batteries are stacked in two 
battery banks (Figure 6-19) comprising 4 batteries each. 
 
Figure 6-17: The Parc Bach farm in Wales, UK, with the PV system on the roof [320] 
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Figure 6-18: Li-ion battery installed in Parc Bach farm [321] 
 
Figure 6-19: Two Li-ion battery banks (on the left) comprising 4 batteries each and 
located in the loft [320] 
 
Details regarding the monthly electricity consumption of the farm are presented in 
Figure 6-20. As it is a very recent project data were available only for a few months 
and in order to evaluate the framework the % daily average electricity delivered by 
the battery over the total daily electricity consumption was used. In this specific 
occasion, the electricity delivered by the battery is 45% of the overall electricity 
consumed by the property. This figure (45%) allowed the association of the specific 
battery’s operation with a use case explored in this study, so as to evaluate the 
results on the Li-ion battery’s nominal capacity, footprint, volume, mass and PV 
nominal capacity. As observed, the example provided has a similar operation to use 
case #1 (as outlined in Table 6-1), in which the electricity delivered from the battery 
accounts for 43-44% of the total daily electricity consumption of the house. In use 
case #1 the battery is charged during the day from the PV system in order to 
discharge electricity to the farm after the sun has set. 
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Figure 6-20: Monthly electricity consumption (for November) of Parc Bach Farm, 
Wales, UK 
 
The characteristics of the battery system are presented in Table 6-13, where they 
are compared against the results of this study for the respective technology (Li-ion) 
and scale (1 household). The results of this study are included in the column named 
“ranges from study” and address the high range6 of each aspect. As observed the 
characteristics regarding the nominal capacity of the battery and the PV system, as 
well as the battery’s footprint, volume and mass are within the ranges calculated in 
this study. The investment cost is lower than the expected range and this is can be 
attributed to recent price drops. 
 
 
 
 
                                            
6 The high range is apparently addressed as no major technological improvements have taken place 
yet, so as to improve Li-ion’s characteristics, i.e. lower its spatial requirement, increase its energy 
density and increase its specific energy. 
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Table 6-13: Characteristics of Li-ion battery system in Parc Bach farm and 
comparison against results of study7 
 Ref. Ranges from 
study 
Cross-reference 
for range 
Battery’s nominal capacity 9.2 kWh [320] 5-12 kWh Appendix C 
PV system 5.2 kWp [320] 5-11 kWp Table 6-8 
Battery footprint 0.10 m2 [321] 0.05-0.12 m2 Appendix C 
Battery volume 0.09 m3 [321] 0.07-0.16 m3 Appendix C 
Battery mass 96 kg [321] 53-124 kg Appendix C 
Battery investment cost £7,600 [322] £9,472-22,306 Appendix C 
 
The example given above demonstrates the accuracy of the results in this study, 
increasing their reliability; yet an error variation, which is presented in the following 
section, would help identify possible sources of error in the results. 
 
6.8 Accommodation of batteries 
Further considerations regarding the accommodation of the batteries, which are 
summarized based on the information presented in Chapter 3, are presented in 
Table 6-14. These considerations complement the findings of Chapters 6 and 7 
regarding the spatial requirements and cost of each battery technology. 
 
 
 
 
 
 
 
 
 
 
                                            
7 The off-grid project’s characteristics in 2015 are compared against the results of the study, which are 
though for 2030. However, this was considered sensible due to the low daily consumption of the farm 
that falls within the range for electrically heated properties of 7.1-17 kWh (Phase 2). 
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Table 6-14: Design considerations for the accommodation of batteries 
 
Operating 
temperature 
°C 
Humidity Hydrogen emitted Ventilation 
Possible 
locations 
Enclosure/ 
room 
DC 
cabling 
Pb-acid +17 to +27 
35-55% 
Yes Varies2,3 • Loft 
• Garage/ 
storage 
room 
• Services 
room/ 
basement 
• Outdoors 
• Should protect 
battery from 
hazards, dust 
and extreme 
conditions 
• Should 
allow/prevent 
access 
• No partitions 
• Floor flat/slope 
to a drain 
• Durable 
materials 
• Unobstructed 
escape path 
(0.6m-1.2m 
wide) 
• Smoke/gas/fire 
detectors 
Avoid 
passing 
through 
floors/ 
upstands 
to be 
provided 
NiCd -40 to +45 Yes EN 50272-2: Q = 0.05 * n * I 
NiMH -20 to +45 Yes Required, rate not specified4 
Li-ion -10 to +50 No 
Not necessary 
under normal 
conditions 
NaS +3001 No Natural ventilation3 
NaNiCl +270 to +3501 No 
Not necessary 
under normal 
conditions 
V-Redox 0 to +40 No Natural ventilation 
ZnBr +20 to +50 Yes 
> 50L/s 
(180m3/h) 
EN 50272-2: 
Q = 0.05 * n * I 
Zn-air 0 to +50 No 
Not necessary 
under normal 
conditions 
1 NaS and NaNiCl batteries are included in a thermal enclosure, so are partially isolated from the ambient air in a 
room. A thermal management system embedded in their design regulates the temperature. 
2 Different ventilation requirements for battery rooms are quoted in various standards [223] and there is no 
consensus on that. For example, for vented Pb-acid batteries the following diverse requirements from different 
sources have been quoted: >2ach (NFPA-111 [227]), >6ach (ASHRAE62 [228]), 12ach (IS: 12332 [229]), 
requirement calculated using Q = 0.05 x n x I (EN 50272-2 [210], as explained in section 4.5.3), normal rate (ach) 
for occupied spaces (BSI 1995 [218]). For gel type Pb-acid batteries no special ventilation is required [230]. 
3A back up fan may also be considered 
4 The primary gases emitted from the NiMH battery when subjected to excessive overcharge or over-discharge is 
hydrogen and oxygen. Although venting of gas to the outside environment should not occur during typical use, 
provision of adequate ventilation to the compartment are required to eliminate concerns regarding possible 
hydrogen ignition. Battery compartment should not be air tight [224]. 
 
 
As observed in Table 6-14, the major considerations regarding the integration of 
batteries in buildings concern ventilation in the case when there is a possibility of 
hydrogen emissions from the battery. This applies for vented Pb-acid, NiCd, NiMH 
and ZnBr batteries and the appropriate ventilation rate would ensure the safe 
operation of the batteries. The rest of the considerations do not have great 
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implications on the architectural design of the rooms and are similar to the 
considerations for the design of building services rooms in buildings. 
6.9 Suggested use of the outcomes 
The Appendices C and D could be used with the aid of the flow diagram shown in 
Figure 6-21. Appendices C and D directly inform about the most suitable 
technologies according to integration aspects, i.e. spatial requirements and cost. 
Therefore, one could start with a general guidance in Appendix D regarding the 
ranking of the technologies considering autonomy period, their availability, scale of 
interest and integration aspects. There s/he can identify possible battery options 
based on his/her requirements. Then, moving to Appendix C, one could find more 
detailed information about the possible options identified in the previous step. Details 
about the range of the values for the footprint, volume, mass and cost expected in a 
potential battery application are provided there. Finally, by consulting Table 6-14, a 
more complete idea of the design considerations in terms of environmental 
conditions, ventilation requirements and possible locations among others could be 
obtained. 
 
 
Figure 6-21: Flow diagram showing suggested use of the outcomes 
 
6.10 Conclusions 
The architectural implications of the integration of battery storage technologies on 
the spatial requirements considering sub-daily storage are minor and thus of no 
T a b l e  6 - 1 4
Design considerations
Append ix D
Technology rankings
Appendix C
Detailed information +
The choice and architectural implications 
of battery storage technologies in 
residential buildings
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importance to designers. The implications regarding their mass and associated 
structural requirements of the floor are of little importance to designers. The choice of 
the most suitable technology according to its applicability in different building scales 
and different use cases should be carefully assessed. Pb-acid and Li-ion 
technologies already have a wide enough energy rating range to be able to serve all 
scales at distribution level for sub-daily storage. NaNiCl and V-Redox also have a 
wide applicability range, while NaS has a very limited applicability, being only able to 
serve communities of over 25 houses in use cases #1 to #4. The rest of the 
technologies have a lower number of constraints than NaS regarding their 
applicability. Moreover, for 50 households all technologies are available, while for 
one, two or three technologies there is a limited pool of 6 technologies. 
 
In the use case #5, where the charged EV feeds back to the home when arriving 
back in the evening, in the case of low consumption households, no additional 
storage would be required at home level. 
In the same use case NiCd would be suitable technology only for detached houses, 
while NiMH and Li-ion would be suitable for detached and semi-detached houses as 
well. Li-ion would be suitable for terraced houses too. 
Based on current UK practices and on the current PV technology, the most sensible 
and efficient scenario would be to use the EV, which would be charged in a battery 
station, in order to power the electrical loads at home in the evening. 
 
The considerations regarding the room or the enclosure where the batteries are 
accommodated mainly concern ventilation aspects for the technologies that are 
potentially associated with hydrogen emissions. Therefore, attention should be given 
in the installation of vented Pb-acid, NiCd, NiMH and ZnBr batteries. 
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Chapter 7 
Conclusions 
 
 
7.1 Overview 
This research investigated the implications of the integration of high energy battery 
storage technologies on the architectural design of buildings in the UK. It assessed 
three scenarios for the UK in 2030, which address different electricity use patterns in 
the residential sector. These patterns include business as usual, the implementation 
of energy efficiency and demand response measures, electric heating and 
electrification of transport, assuming one EV per household. The work indicated the 
considerations that architects and similar practitioners in the field need to give in this 
respect, including: 
a) batteries’ spatial requirements, such as footprint, volume and mass; 
b) economic aspects, such as investment cost and LCOE 
c) further requirements regarding the room or the enclosure in which they are 
located; 
d) the applicability of battery technologies in different building scales 
This concluding chapter discusses the achievement of the research objectives, 
summarises the original contribution that this work is making to the existing body of 
knowledge, identifies the limitations of the research and outlines further areas of 
investigation. 
 
7.2 Achievement of the research objectives 
The research objectives were outlined in the introduction (Chapter 1) and were met 
in Chapters 5 and 6: 
 
 
 
310 
 
To explore how batteries’ spatial requirements vary across different scenarios 
and autonomy periods for the UK in 2030 
The spatial requirements vary greatly among technologies, considering different 
suitability criteria, such as footprint, volume and mass, or economic aspects, such as 
investment cost and LCOE. They also vary considering different scenarios and use 
cases in 2030 and are proportional to the number of households. Moreover, they 
increase as the autonomy period increases. The spatial requirements in 2030 are 
similar in ‘business as usual’ (BAU) and ‘electrification of transport’ (Te) scenarios, 
while they are about 30% lower in energy efficiency (EE) scenario. Comparing the 
required volume of battery technologies in BAU 2030 and Te 2030 - considering 1 
autonomy day - to the volume of a standard washer, a single household would need 
an equivalent volume of about 0.1 to 2 standard washer devices in 2030, depending 
on the chosen technology. The same household would need an equivalent volume of 
about 0.3 to 17 washers for 4 days of autonomy in the same scenarios and an 
equivalent volume of 0.2 to 1.3 washers for sub-daily storage (7 or 14 hours). 
Comparing the required mass of battery technologies in BAU 2030 and Te 2030 - 
considering 1 autonomy day - to the mass of a standard washer, a single household 
would have an equivalent mass of about 3 to 25 standard washer devices in 2030, 
depending on the chosen technology. The same household would need an 
equivalent mass of about 5 to 200 washers for 4 days of autonomy in the same 
scenarios and an equivalent mass of 0.2 to 1.3 washers for sub-daily storage (7 or 
14 hours). 
 
This study showed that the suitability criteria of battery technologies regarding spatial 
requirement, such as footprint, volume and mass, have no correlation with one 
another. Thus, although some technologies might have similar nominal capacity 
values, they can they have very different footprint, volume, and mass. In addition, if a 
technology is the most favourable in terms of nominal capacity, footprint or volume 
doesn’t necessarily mean that it is the most favourable one in terms of mass too and 
vice versa. 
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To investigate whether the implications for building design are of great 
importance or not 
In terms of sizing, as regards the footprint, volume and mass, the implications of the 
integration of battery storage technologies for building design are of little importance 
to architects and similar practitioners in the field when small autonomy periods are 
required and for most of the battery technologies available. Attention should be given 
when more than one day of autonomy is applied. Pb-acid can exhibit high footprint, 
volume and mass, but in case this presents an issue other technologies can serve as 
alternatives. 
 
The applicability of technologies in different building scales has a great impact on the 
choice of suitable technologies for different building scales at the distribution level. 
The choice of the most suitable technology according to its applicability considering 
different daily autonomy periods should be carefully assessed. More specifically, in 
the case of an autonomy period of 4 days, as the number of properties increases, 
fewer technologies are available. In the case of an autonomy period of 1 day, for 10 
households all technologies are available and then on both sides of it, i.e. for either 
more or less households, the number of technologies gradually decreases. Hence, 
only 6 technologies are available for one household and only 7 for 75 households. In 
the case of sub-daily storage, for 50 households all technologies are available, while 
for one, two or three technologies there is a limited pool of 6 technologies. 
 
In all cases the safe operation of battery technologies, which is inherently associated 
with the conditions of the room or enclosure around them, should be ensured. The 
considerations regarding the room or the enclosure where the batteries are 
accommodated mainly concern ventilation aspects for the technologies that are 
potentially associated with hydrogen emissions. Therefore, attention should be given 
in the installation of vented Pb-acid, NiCd, NiMH and ZnBr batteries, which have a 
ventilation requirement of at least 2 ach. 
 
To investigate which battery technologies perform best in the residential 
sector and in which scale 
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Different technologies perform best in different aspects, in different scales and in 
different autonomy periods and use cases. The improvement of the technologies’ 
performance depends on how fast R&D progresses and on the specifications quoted 
by battery manufacturers. 
 
It was observed that there is a clear difference in the ranking when considering the 
minimum or maximum values for spatial requirement, energy density, specific energy 
and investment cost per kWh. Li-ion, NaS and Zn-air are the top three technologies 
exhibiting the smallest footprint and Pb-acid the last one having the biggest footprint. 
Regarding volume, in the case that the minimum energy density values are 
considered, Zn-air, NaS and NiMH are the top three technologies exhibiting the 
smallest volume. In the case where the maximum values are considered (which are 
more likely in 2030 due to R&D), the top three are Zn-air, Li-ion and NaS. In both 
cases Pb-acid, V-Redox and ZnBr are the least favourable technologies requiring 
the biggest volume. Regarding mass, in the case where the minimum specific energy 
values are considered, Zn-air, NaS and NaNiCl are the top three technologies 
exhibiting the smallest mass. In the case where the maximum values are considered, 
the top three are Zn-air, Li-ion and NaS. In both cases Pb-acid and NiCd are the 
least favourable technologies having the biggest mass. In terms of investment cost, 
a lower investment cost per kWh does not mean a lower investment cost for the 
entire battery bank, as it is dependent upon the nominal capacity of the battery bank, 
which in turn largely depends on the DOD and the efficiency of the battery 
technology. In the case where the minimum cost per kWh is considered, NaNiCl, 
ZnBr and V-Redox are the top three technologies having the lowest investment 
cost, while NiCd is the most expensive one. In the case where the maximum cost 
per kWh is considered, the top three are NaNiCl, Zn-air and ZnBr, while Li-ion is 
the most expensive one. In terms of LCOE Zn-air, NaNiCl and V-Redox are the top 
three options, while NiMH, NiCd and Pb-acid rank last. 
 
As regards the suitability of technologies in different building scales, Pb-acid and Li-
ion technologies already have a wide enough energy rating range to be able to serve 
all scales and all autonomies in all scenarios and use cases in 2030. NaNiCl and the 
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V-Redox are also suitable at all scales if sub-daily autonomy or 1 day of autonomy is 
applied. However, in the case that the EV feeds back to the home (sub-daily 
autonomy), only Pb-acid and Li-ion are applicable in all scales. In use case #5, 
where the charged EV feeds back to the home when arriving back in the evening, in 
the case of low consumption households, no additional storage would be required at 
home level. In other words, the EV’s battery capacity would be adequate to supply 
the electrical loads of the home for 7 consecutive hours in the evening. 
 
In the same use case, considering the possibility of PV integration in the roof, NiCd 
would be suitable technology only for detached houses, while NiMH and Li-ion would 
be suitable for detached and semi-detached houses as well. Li-ion would be suitable 
for terraced houses too. Moreover, based on current UK practices and on the current 
PV technology, the most sensible and efficient scenario would be to use the EV, 
which would be charged in a battery station, in order to power the electrical loads at 
home in the evening. 
 
To identify any optimum scale for electricity storage overall 
This work concluded that there is no optimum scale for electricity storage in terms of 
sizing, due to the fact that battery technologies have different strengths and 
weaknesses. However, the choice of suitable technologies should be based on their 
applicability in different building scales according to the autonomy period set. 
 
7.3 Original contribution 
The investigation presented in this thesis increases the understanding of the 
architectural and suitability aspects concerning the integration of battery storage 
technologies in residential buildings and communities. The research reveals 
suitability criteria for nine battery technologies under different autonomy periods in 
2030. It provides guidance on the choice of suitable technologies for different 
building scales, revealing favourable technologies as regards footprint, volume, 
mass, investment cost and LCOE under current practice and in 2030. The process 
described in this thesis and the outputs of this investigation provide a guidance tool 
on the integration of different technologies revealing emerging possibilities in the 
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future. Yet a detailed analysis would be recommended for each case. Due to the 
research scope and timeline constraints not all possible scenarios for electricity 
storage could be explored. However this thesis has provided a basis for 
understanding how demand and supply could be matched and the opportunities 
available. This work could further inform the development of a software tool, which 
would address high energy battery applications in the UK residential sector. By 
selecting the preferred technology or the criteria regarding the storage system (e.g. 
small footprint, low daily self-discharge rate, low LCOE etc) the integration aspects 
could be calculated or the optimal technology could be revealed. On another note, 
the original contribution of this study is also evidenced from the author’s current 
contribution in the development of a Code of Practice on the integration of battery 
storage technologies in buildings, which is an initiative of the IET and will include 
aspects addressed in this thesis.  
 
7.4 Limitations 
One limitation regarding the use of the outputs of Phase 3 in the future is that 
material’s reserves for battery technologies might be limited. This would 
subsequently affect their applicability. For example, as discussed in section 5.3.4 
(Phase 1), Pb-acid, ZnBr and Zn-Air batteries may be the first to face supply 
shortage as they contain irreplaceable metals. As a consequence, there would only 
be around 20 years of reserves for lead (Pb) and zinc (Zn).  
Furthermore, there is a relative uncertainty about the reliability of the data provided 
by governmental bodies and battery manufacturers which parts of this work have 
built upon. Published data for projections regarding electricity consumption in the 
future might be influenced by a number of economic or political factors. It is therefore 
acknowledged that any difference in real data would affect the final results of this 
study. Furthermore, small deviations in spatial requirement, energy density or 
specific energy values can have a big impact on the footprint, volume or mass of the 
battery bank. The stackability of the batteries can also largely affect the footprint of 
the battery bank, as well as the distribution of the load on the floor, as the same 
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mass would be placed upon a smaller floor area. In that case, the load bearing 
capability of the floor would need to be reassessed. Due to the numerous 
alternatives regarding the batteries’ spatial configuration, this could not have been 
assessed in this study. Moreover, the spatial and structural needs (footprint, volume, 
mass) and the costs in 2030 could be even lower than the estimated values in the 
low footprint/volume/mass/cost ranges due to R&D. This could occur due to 
improved performance and especially due to the potential introduction of new battery 
technologies in the future.  
In addition, the autonomy days for a stand-alone application might be different in 
future applications due to the effects of climate change, as the statistics of solar 
radiation have changed to a surprising degree over the past years. Hence, although 
the average daily solar radiation has remained almost constant, the probability of a 
long sequence of days with low solar radiation has increased substantially. This 
would have a significant impact on the sizing of the battery in the design of stand-
alone PV systems. Furthermore, the building’s location or form could hinder the 
electricity supply from renewable energy technologies. For example, there might be 
insufficient amount of renewable energy sources in that area or insufficient space to 
integrate/install PV panels or wind turbines.  
Another limitation would address the display of the values for the characteristics (e.g. 
spatial requirement, energy density, specific energy and investment cost) of each 
battery technology in ranges. At the time of this thesis there were technologies that 
did not exhibit a range for some characteristics, but absolute values instead. 
Examples for this are Zn-air’s energy density (800 kWh/m3) and Zn-air’s investment 
energy cost (126 €/kWh). This could affect the comparison of the results regarding 
the suitability criteria, such as the footprint, volume, mass, investment cost and 
LCOE.  
The exploration discussed in this section demonstrated that potential sources of 
errors are inevitable as each case is different. This reveals that the integration 
aspects need to be considered on a case-by-case basis, through exploration based 
on the characteristics of the particular situation. This work was aimed at examining 
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these effects broadly to study the comparative effects, and not to create a detailed 
design guidance. 
 
7.5 Further work 
This research advances the knowledge and understanding about the choice and 
architectural implications of high energy electrical energy storage technologies in 
buildings. Further directions of enquiry are created from this work, which are 
suggested below: 
 
• Exploration of the choice and architectural implications of the integration of 
high-power electrical energy storage technologies in buildings; 
 
• Exploration of the operational specifications regarding the application of hybrid 
high-energy electrical energy storage technologies in buildings, e.g. different 
types of battery to benefit from complementary characteristics; 
 
• Investigation of the integration of hybrid electrical energy storage technologies 
to buildings, combining high-energy and high-power applications, e.g. 
flywheels and batteries, supercapacitors and batteries, SMES and batteries; 
 
• Investigation of the integration of thermal and electrical energy storage 
technologies in buildings and more specifically identification of the operational 
specifications for the technologies using synthetic demand profiles. The 
author has assisted in the development of an Engineering and Physical 
Sciences Research Council (EPSRC) proposal in this subject that is currently 
under review; 
• Exploration of mechanisms to embed such technologies in certification and 
regulation compliance tools, which could further promote the use of such 
technologies and inform future energy policy; 
 
Investigation of how end-consumers can gain a better understanding of energy 
storage devices in order to be able to decide if they could be beneficial to them. 
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Appendices 
Appendix A: Data visualization for case studies 
For Chapter 3, section 3.4 
 
A visualization of the data presented in Table 3-8 (main text) is provided in 
Figure 22 - Figure 31.  Figure 22 - Figure 161 regard Pb-acid installations 
and Figure 162 - Figure 164 regard Li-ion installations. Figures 48-52 
address all case studies. As seen in Figure 22, the capacity value exceeds 
by far the power value in all cases, which indicates that they address high-
energy applications. The installation in Maes Yr Onn has the highest energy 
rating of 42kWh, while PassivBelows has the lowest energy rating of 2.2kWh. 
In terms of power rating, H3 has the highest one of 4.5kW, while 
PassivBelows has the lowest of 1kW. 
 
 
Figure 1: Battery capacity and power rating in the Pb-acid battery 
installations (author’s own) 
 
As Maes Yr Onn has the biggest capacity, it also has the largest battery 
footprint, volume requirement and the highest battery weight as shown in 
Figure 160 and Figure 161. On the contrary, PassivBelows has the smallest 
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battery footprint, volume requirement and the lowest battery weight. 
 
Figure 2: Battery footprint and volume requirement per kWh of nominal 
capacity in the Pb-acid battery installations (author’s own) 
 
 
Figure 3: Battery mass per kWh of nominal capacity of the Pb-acid battery 
installations (author’s own) 
 
As seen in Figure 162, the capacity value exceeds the power value in the 
NZEH case, is equal to the power vawer value in the ZCH case and is lower 
than the capacity value in the GridStar case. This indicates that the NZEH 
device addresses a high-energy application, the ZCH either a high-energy or 
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Figure 4-42: Battery footprint and volume requirement per kWh of nominal 
capacity in the Pb-acid battery installations (author’s own) 
 
 
Figure 4-43: Battery mass per kWh of nominal capacity of the Pb-acid battery 
installations (author’s own) 
 
 i  Figure 4-44, the capacity value xceeds the power value in the
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high-power application, depending on the operation of the battery and the 
GridStar facility regards clearly a high-power application. The installation in 
ZCH has the highest energy rating of 75kWh, while the one in the NZEH has 
the lowest energy rating of 11.6kWh. In terms of power rating, the GridStar 
battery has the highest one of 125, while the NZEH has the lowest of 6kW. 
 
 
Figure 4: Battery capacity and power rating in the Li-ion battery installations 
(author’s own) 
 
The ZCH installation would be expected to have the biggest footprint, the 
biggest volume and the highest weight, as it has the biggest capacity. 
However, the GridStar facility has the biggest footprint, the biggest volume 
and the highest weight, as shown in Figure 163 and Figure 164. This is likely 
to be happening due to different configurations of the battery cells inside the 
modules or different arrangement of the modules in the battery bank in a 
high-power battery system. In addition, this contingency might be occurring 
due to the fact that different manufacturers were involved in the two projects. 
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Figure 5: Battery footprint and volume requirement per kWh of nominal 
capacity in the Li-ion battery installations (author’s own) 
 
 
 
Figure 6: Battery mass per kWh of nominal capacity of the Li-ion battery 
installations (author’s own) 
 
The specific energy and the energy density of the batteries involved in the 7 
case studies are presented in Figure 165. As it is observed, the Li-ion battery 
installations on the right are characterized by very high specific energy and 
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Figure 4-45: Battery footprint and volume requirement per kWh of nominal 
capacity in the Li-ion battery installations (author’s own) 
 
 
 
i 4-46: Battery mass per kWh of nominal c pacity of the Li-ion battery 
i t ll ti  (author’s own) 
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Figure 4-45: attery footprint and volu e require ent per k h of no inal 
capacity in the Li-ion battery installations (author’s o n) 
 
 
 
Figure 4-46: Battery ass per k h of no inal capacity of the Li-ion battery 
installations (author’s own) 
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energy density values compared to the Pb-acid ones. Moreover, as shown in 
Figure 166, the Li-ion installations that appear on the right have by far the 
lowest spatial requirement per kWh capacity. In addition, as expected, the Li-
ion devices had the highest investment cost, which by far exceeded the Pb-
acid batteries’ investment cost, as presented in Figure 167. Li-ion battery 
cost was about 4-12 times higher than Pb-acid at that time; however costs 
have dropped considerably since and a reduced cost difference is expected 
in the future. 
 
 
Figure 7: Specific energy and energy density of the Pb-acid and Li-ion battery 
installations used as case studies (the GridStar facility is not included as it is 
a high-power application) (author’s own) 
 
 
Figure 8: Spatial requirement of the Pb-acid (grey) and Li-ion (diagonally 
hatched) battery installations used as case studies (author’s own) 
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i r  4-48: Spatial requirement of the Pb-acid (grey) and Li-ion (diagonally 
hatched) battery installations used as case studies (author’s o n) 
 
 
 
Figure 4-49: Battery investment cost of the Pb-acid (grey) and Li-ion (diagonally 
hatched) battery installations used as case studies (the GridStar facility is not 
included as it is a high-power application and H3_Retrofit cost was not 
available) (author’s own) 
 
What is notable is the relatively low investment cost compared to the overall 
system’s capital cost. Figure 4-50 shows the percentage of the battery’s 
capital cost in comparison with the system’s capital cost in the cases where 
information on both cost values was available. It is observed that the battery 
in these cases accounted for only 1/3 or perhaps half of the overall system 
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Figure 9: Battery investment cost of the Pb-acid (grey) and Li-ion (iagonally 
hatched) battery installations used as case studies (the GridStar facility is not 
included as it is a high-power application and H3_Retrofit cost was not 
available) (author’s own) 
 
What is notable is the relatively low investment cost compared to the overall 
system’s capital cost. Figure 31 shows the percentage of the battery’s capital 
cost in comparison with the system’s capital cost in the cases where 
information on both cost values was available. It is observed that the battery 
in these cases accounted for only 1/3 or perhaps half of the overall system 
cost, which includes the rest of the components such as the inverter, the 
solar charge controller, the management control system, the PCS, the 
cabling and the monitoring display among others. 
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Figure 4-48: Spatial requirement of the Pb-acid (grey) and Li-ion (diagonally 
hatched) battery installations used as case studies (author’s own) 
 
 
 
Figure 4-49: Battery investment cost of the Pb-acid (grey) and Li-ion (diagonally 
hatched) battery installations used as case studies (the GridStar facility is not 
included as it is a high-power application and H3_Retrofit cost was not 
available) (author’s own) 
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Figure 10: Battery cost compared to the overall battery system cost (author’s 
own) 
 
In terms of the space occupied by the battery itself against its enclosure and 
between the battery and battery room1, a comparison of the corresponding 
ratios is provided in Figure 169. Lower values indicate more compact 
systems, while higher values correspond to bigger systems with perhaps 
more components and controls. As expected, the NZEH Li-ion and the H3 
Pb-acid projects have the smallest ratios, as the batteries are enclosed in a 
compact container. On the other hand, the ZCH development has the biggest 
ratio, as the components of the system are fairly spread out in the outdoor 
designated space. Especially for the NZEH, the battery is part of an 
integrated system, where each component is strategically placed. Generally, 
the ratios for the enclosures range from 1.5 to 2.5 times and the ratios for the 
battery room range from 4 to 17 times for Pb-acid applications. For Li-ion 
applications the ratios for Li-ion enclosures range from 1.5 to 19 times the 
                                            
1 The battery room contains the enclosure where applicable plus additional space for 
circulation and maintenance. 
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ratios for battery rooms range from 6 to 74, while. In other words, the Pb-acid 
enclosures are about 1.5 to 2.5 times bigger than the Pb-acid battery, while 
the Li-ion enclosures are about 1.5 to 19 times bigger than the Li-ion battery. 
Nevertheless, it should be noted that the value of 19, which is a fairly high 
ratio, corresponds to a big system serving for a high power application, which 
might have more complicated controls than the high energy applications. 
 
Figure 11: Footprint ratios between battery and enclosure and between 
battery and battery room (battery room contains the enclosure where 
applicable plus additional space for circulation and maintenance) 
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Appendix B: Diversified load and peak demand 
For Chapter 4, sections 4.6.2 and 4.6.3 
 
4.6.2 Gas heated properties 
 
Table 1: Diversified load for gas heated properties per connection in 
BAU 2030 
No. of 
connections 
Diversity 
Diversified Load (kW) 
per connection – 
range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
  min max min max 
1 1 3.30 15.40 2.80 12.70 
2 0.5 1.7 7.7 1.4 6.4 
3 0.33 1.1 5.1 0.9 4.2 
4 0.2 0.7 3.1 0.6 2.5 
5 0.18 0.6 2.8 0.5 2.3 
10 0.144 0.5 2.2 0.4 1.8 
25 0.131 0.4 2.0 0.4 1.7 
50 0.125 0.4 1.9 0.4 1.6 
75 0.125 0.4 1.9 0.4 1.6 
 
 
Table 2: Diversified load for gas heated properties per connection in 
EE 2030 
No. of 
connections 
Diversity 
Diversified Load (kW) 
per connection – 
range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
  min max min max 
1 1 2.3 10.8 1.9 8.9 
2 0.5 1.2 5.4 1.0 4.5 
 
 
353 
3 0.33 0.8 3.6 0.6 2.9 
4 0.2 0.5 2.2 0.4 1.8 
5 0.18 0.4 1.9 0.3 1.6 
10 0.144 0.3 1.6 0.3 1.3 
25 0.131 0.3 1.4 0.2 1.2 
50 0.125 0.3 1.4 0.2 1.1 
75 0.125 0.3 1.4 0.2 1.1 
 
 
Table 3: Diversified load for gas heated properties per connection in 
DR 2030 
No. of 
connections 
Diversity 
Diversified Load (kW) 
per connection – 
range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
  min max min max 
1 1 2.3 10.4 1.6 7.6 
2 0.5 1.1 5.2 0.8 3.8 
3 0.33 0.7 3.4 0.5 2.5 
4 0.2 0.5 2.1 0.3 1.5 
5 0.18 0.4 1.9 0.3 1.4 
10 0.144 0.3 1.5 0.2 1.1 
25 0.131 0.3 1.4 0.2 1.0 
50 0.125 0.3 1.3 0.2 0.9 
75 0.125 0.3 1.3 0.2 0.9 
 
 
 
Table 4: Diversified load for gas heated properties per connection in Te 
2030 on-peak 
No. of 
connections 
Diversity 
Diversified Load (kW) 
per connection – 
range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
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  min max min max 
1 1 9.3 17.4 8.6 14.6 
2 0.5 4.7 8.7 4.3 7.3 
3 0.33 3.1 5.7 2.8 4.8 
4 0.2 1.9 3.5 1.7 2.9 
5 0.18 1.7 3.1 1.5 2.6 
10 0.144 1.3 2.5 1.2 2.1 
25 0.131 1.2 2.3 1.1 1.9 
50 0.125 1.2 2.2 1.1 1.8 
75 0.125 1.2 2.2 1.1 1.8 
 
 
Table 5: Diversified load for gas heated properties per connection in Te 
2030 off-peak weekday 
No. of 
connections 
Diversity 
Diversified Load (kW) 
per connection – 
range Winter 
Diversified Load (kW) 
per connection – 
range Summer 
  min max min max 
1 1 7.6 9.9 7.8 10.6 
2 0.5 3.8 5.0 3.9 5.3 
3 0.33 2.5 3.3 2.6 3.5 
4 0.2 1.5 2.0 1.6 2.1 
5 0.18 1.4 1.8 1.4 1.9 
10 0.144 1.1 1.4 1.1 1.5 
25 0.131 1.0 1.3 1.0 1.4 
50 0.125 1.0 1.2 1.0 1.3 
75 0.125 1.0 1.2 1.0 1.3 
 
 
Table 6: Diversified load for gas heated properties per connection in Te 
2030 off-peak weekend 
No. of Diversity Diversified Load (kW) Diversified Load (kW) 
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connections per connection – 
range Winter 
per connection – 
range Summer 
  min max min max 
1 1 7.7 10.2 7.8 10.9 
2 0.5 3.9 5.1 3.9 5.5 
3 0.33 2.5 3.4 2.6 3.6 
4 0.2 1.5 2.0 1.6 2.2 
5 0.18 1.4 1.8 1.4 2.0 
10 0.144 1.1 1.5 1.1 1.6 
25 0.131 1.0 1.3 1.0 1.4 
50 0.125 1.0 1.3 1.0 1.4 
75 0.125 1.0 1.3 1.0 1.4 
 
 
Table 7: Peak demand range for gas heated communities in BAU 2030 
No. of 
connections 
Winter Summer 
min max min max 
1 3.3 15.4 2.8 12.7 
2 5.0 23.1 4.2 19.1 
3 6.0 28.2 5.1 23.2 
4 6.7 31.3 5.7 25.8 
5 7.3 34.0 6.2 28.1 
10 10.1 47.3 8.6 39.0 
25 17.2 80.4 14.6 66.3 
50 28.0 130.7 23.8 107.8 
75 38.3 178.9 32.5 147.5 
 
Table 8: Peak demand range for gas heated communities in EE 2030 
No. of 
connections 
Winter Summer 
min max min max 
1 2.3 10.8 1.9 8.9 
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2 3.5 16.2 2.9 13.4 
3 4.2 19.8 3.5 16.3 
4 4.7 21.9 3.9 18.1 
5 5.1 23.9 4.2 19.7 
10 7.1 33.2 5.8 27.4 
25 12.0 56.4 9.9 46.5 
50 19.5 91.7 16.1 75.6 
75 26.7 125.4 22.1 103.4 
 
Table 9: Peak demand range for gas heated communities in DR 2030 
No. of 
connections 
Winter Summer 
min max min max 
1 2.3 10.4 1.6 7.6 
2 3.4 15.7 2.5 11.4 
3 4.1 19.1 3.0 13.9 
4 4.6 21.2 3.3 15.4 
5 5.0 23.1 3.6 16.8 
10 6.9 32.1 5.0 23.3 
25 11.8 54.5 8.6 39.6 
50 19.2 88.7 13.9 64.4 
75 26.3 121.3 19.0 88.1 
 
Table 10: Peak demand range for gas heated communities in Te 2030 
with on-peak EV charging 
No. of 
connections 
Winter Summer 
min max min max 
1 9.3 17.4 8.6 14.6 
2 14.0 26.1 12.9 21.9 
3 17.0 31.8 15.7 26.7 
4 18.9 35.3 17.5 29.6 
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5 20.6 38.5 19.0 32.3 
10 28.6 53.5 26.4 44.9 
25 48.6 90.8 44.9 76.2 
50 79.0 147.7 73.0 124.0 
75 108.0 202.1 99.9 169.6 
 
Table 11: Peak demand range for gas heated communities in Te 2030 
with off-peak EV charging on weekdays 
No. of 
connections 
Winter Summer 
min max min max 
1 7.6 9.9 7.8 10.6 
2 11.5 14.9 11.7 15.8 
3 14.0 18.2 14.2 19.3 
4 15.5 20.2 15.8 21.4 
5 16.9 22.0 17.2 23.3 
10 23.5 30.6 23.9 32.5 
25 39.9 51.9 40.6 55.1 
50 64.8 84.4 66.0 89.7 
75 88.7 115.5 90.2 122.7 
 
 
Table 12: Peak demand range for gas heated communities in Te 2030 
with off-peak EV charging on weekends 
No. of 
connections 
Winter Summer 
min max min max 
1 7.7 10.2 7.8 10.9 
2 11.6 15.4 11.8 16.4 
3 14.1 18.7 14.4 19.9 
4 15.6 20.8 15.9 22.1 
5 17.0 22.6 17.3 24.1 
10 23.7 31.5 24.1 33.5 
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25 40.2 53.5 41.0 56.9 
50 65.4 87.0 66.6 92.5 
75 89.5 119.0 91.1 126.6 
 
 
4.6.3 Electrically heated properties 
 
Table 13: Diversified load for electrically heated properties per 
connection in BAU 2030 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 5.3 18.0 2.8 12.7 
2 0.9 4.8 16.2 1.4 6.4 
3 0.775 4.1 14.0 0.9 4.2 
4 0.68 3.6 12.3 0.6 2.5 
5 0.665 3.5 12.0 0.5 2.3 
10 0.639 3.4 11.5 0.4 1.8 
25 0.629 3.3 11.3 0.4 1.7 
50 0.625 3.3 11.3 0.4 1.6 
75 0.625 3.3 11.3 0.4 1.6 
 
Table 14: Diversified load for electrically heated properties per 
connection in EE 2030 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 3.7 12.6 1.9 8.9 
2 0.9 3.3 11.4 1.0 4.5 
3 0.775 2.9 9.8 0.6 2.9 
4 0.68 2.5 8.6 0.4 1.8 
5 0.665 2.5 8.4 0.3 1.6 
10 0.639 2.4 8.1 0.3 1.3 
25 0.629 2.3 7.9 0.2 1.2 
50 0.625 2.3 7.9 0.2 1.1 
 
 
359 
75 0.625 2.3 7.9 0.2 1.1 
 
 
Table 15: Diversified load for electrically heated properties per 
connection in DR 2030 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 3.1 10.5 1.6 7.6 
2 0.9 2.8 9.4 0.8 3.8 
3 0.775 2.4 8.1 0.5 2.5 
4 0.68 2.1 7.1 0.3 1.5 
5 0.665 2.0 7.0 0.3 1.4 
10 0.639 2.0 6.7 0.2 1.1 
25 0.629 1.9 6.6 0.2 1.0 
50 0.625 1.9 6.5 0.2 0.9 
75 0.625 1.9 6.5 0.2 0.9 
 
 
Table 16: Diversified load for electrically heated communities in Te 
2030 with on-peak charging 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 10.1 17.5 8.6 14.6 
2 0.9 9.1 15.7 4.3 7.3 
3 0.775 7.8 13.5 2.8 4.8 
4 0.68 6.8 11.9 1.7 2.9 
5 0.665 6.7 11.6 1.5 2.6 
10 0.639 6.4 11.2 1.2 2.1 
25 0.629 6.3 11.0 1.1 1.9 
50 0.625 6.3 10.9 1.1 1.8 
75 0.625 6.3 10.9 1.1 1.8 
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Table 17: Diversified load for electrically heated communities in Te 
2030 with off-peak charging on weekdays 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 8.0 10.5 7.8 10.6 
2 0.9 7.2 9.5 3.9 5.3 
3 0.775 6.2 8.2 2.6 3.5 
4 0.68 5.5 7.2 1.6 2.1 
5 0.665 5.3 7.0 1.4 1.9 
10 0.639 5.1 6.7 1.1 1.5 
25 0.629 5.1 6.6 1.0 1.4 
50 0.625 5.0 6.6 1.0 1.3 
75 0.625 5.0 6.6 1.0 1.3 
 
 
Table 18: Diversified load for electrically heated communities in Te 
2030 with off-peak charging on weekends 
No. of 
connections Diversity 
Diversified Load 
(kW) per connection 
– range Winter 
Diversified Load 
(kW) per connection 
– range Summer 
  min max min max 
1 1 8.1 10.9 7.8 10.9 
2 0.9 7.3 9.8 3.9 5.5 
3 0.775 6.3 8.4 2.6 3.6 
4 0.68 5.5 7.4 1.6 2.2 
5 0.665 5.4 7.2 1.4 2.0 
10 0.639 5.2 6.9 1.1 1.6 
25 0.629 5.1 6.8 1.0 1.4 
50 0.625 5.1 6.8 1.0 1.4 
75 0.625 5.1 6.8 1.0 1.4 
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Table 19: Peak demand range for electrically heated communities in 
BAU 2030 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 5.3 18.0 2.8 12.7 
2 10.0 34.2 4.2 19.1 
3 14.1 48.2 5.1 23.2 
4 17.7 60.4 5.7 25.8 
5 21.2 72.4 6.2 28.1 
10 38.7 131.9 8.6 39.0 
25 89.2 304.4 14.6 66.3 
50 172.3 587.6 23.8 107.8 
75 254.8 869.2 32.5 147.5 
 
 
Table 20: Peak demand range for electrically heated communities in EE 
2030 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 3.7 12.6 1.9 8.9 
2 7.0 24.0 2.9 13.4 
3 9.9 33.7 3.5 16.3 
4 12.4 42.3 3.9 18.1 
5 14.9 50.7 4.2 19.7 
10 27.1 92.3 5.8 27.4 
25 62.5 213.1 9.9 46.5 
50 120.6 411.3 16.1 75.6 
75 178.3 608.4 22.1 103.4 
 
Table 21: Peak demand range for electrically heated communities in 
DR 2030 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 3.1 10.5 1.6 7.6 
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2 5.8 19.9 2.5 11.4 
3 8.2 28.0 3.0 13.9 
4 10.3 35.1 3.3 15.4 
5 12.3 42.1 3.6 16.8 
10 22.5 76.6 5.0 23.3 
25 51.8 176.8 8.6 39.6 
50 100.1 341.4 13.9 64.4 
75 148.0 505.0 19.0 88.1 
 
 
Table 22: Peak demand range for electrically heated communities in Te 
2030 with on-peak charging 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 10.1 17.5 8.6 14.6 
2 19.1 33.2 12.9 21.9 
3 26.9 46.7 15.7 26.7 
4 33.8 58.6 17.5 29.6 
5 40.5 70.2 19.0 32.3 
10 73.7 127.8 26.4 44.9 
25 170.1 295.1 44.9 76.2 
50 328.4 569.7 73.0 124.0 
75 485.7 842.7 99.9 169.6 
 
 
Table 23: Peak demand range for electrically heated communities in Te 
2030 with off-peak charging on weekdays 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 8.0 10.5 7.8 10.6 
2 15.3 20.0 11.7 15.8 
3 21.5 28.1 14.2 19.3 
4 26.9 35.3 15.8 21.4 
5 32.3 42.3 17.2 23.3 
10 58.8 77.0 23.9 32.5 
25 135.7 177.7 40.6 55.1 
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50 262.0 343.1 66.0 89.7 
75 387.5 507.5 90.2 122.7 
 
 
Table 24: Peak demand range for electrically heated communities in Te 
2030 with off-peak charging on weekends 
No. of 
connections Winter (kW) Summer (kW) 
 min max min max 
1 8.1 10.9 7.8 10.9 
2 15.5 20.7 11.8 16.4 
3 21.8 29.1 14.4 19.9 
4 27.3 36.5 15.9 22.1 
5 32.7 43.7 17.3 24.1 
10 59.5 79.6 24.1 33.5 
25 137.4 183.7 41.0 56.9 
50 265.3 354.6 66.6 92.5 
75 392.4 524.5 91.1 126.6 
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Appendix C: Reference tables for nominal capacity, footprint, 
volume, mass, cost and LCOE 
For Chapter 5 and Chapter 6 
 
Chapter 5 
5.1 Electrical energy storage capacity for the nine battery technologies and 
their applicability at the different scales for daily storage 
 
Table 25: Nominal battery capacity for electrically heated properties with 4 
days of autonomy in the various scales and the different scenarios in winter 
2030 
 
min max min max min max min max min max min max min max min max min max
1 298 735 205 506 155 382 119 294 151 373 137 337 125 310 123 305 114 282
2 595 1470 410 1012 309 763 238 588 302 745 273 675 251 620 247 609 228 563
3 893 2204 615 1518 464 1145 358 883 453 1118 410 1012 376 929 370 914 342 845
4 1191 2939 820 2023 618 1527 477 1177 604 1491 547 1349 502 1239 494 1219 456 1126
5 1488 3674 1025 2529 773 1908 596 1471 755 1864 683 1687 627 1549 617 1524 570 1408
10 2977 7348 2049 5059 1546 3817 1192 2942 1510 3727 1367 3373 1255 3098 1234 3047 1141 2816
25 7442 18370 5123 12647 3865 9542 2980 7355 3775 9318 3416 8433 3137 7744 3086 7618 2852 7040
50 14883 36740 10246 25294 7731 19083 5959 14711 7549 18635 6833 16867 6274 15488 6172 15237 5704 14080
75 22325 55110 15369 37941 11596 28625 8939 22066 11324 27953 10249 25300 9411 23232 9258 22855 8556 21120
min max min max min max min max min max min max min max min max min max
1 327 811 225 559 170 421 131 325 166 412 150 372 138 342 135 336 125 311
2 653 1623 450 1117 339 843 262 650 331 823 300 745 275 684 271 673 250 622
3 980 2434 674 1676 509 1264 392 975 497 1235 450 1117 413 1026 406 1009 375 933
4 1306 3245 899 2234 679 1686 523 1299 663 1646 600 1490 551 1368 542 1346 501 1244
5 1633 4057 1124 2793 848 2107 654 1624 828 2058 750 1862 688 1710 677 1682 626 1555
10 3266 8113 2248 5586 1696 4214 1308 3249 1656 4115 1499 3725 1377 3420 1354 3365 1252 3109
25 8164 20283 5621 13964 4241 10536 3269 8122 4141 10288 3748 9312 3442 8551 3386 8412 3129 7773
50 16329 40567 11242 27928 8482 21071 6538 16243 8282 20576 7496 18624 6884 17101 6772 16824 6258 15547
75 24493 60850 16862 41893 12722 31607 9807 24365 12424 30865 11244 27935 10325 25652 10158 25236 9387 23320
min max min max min max min max min max min max min max min max min max
1 228 568 157 391 118 295 91 227 116 288 105 261 96 239 95 236 87 218
2 456 1136 314 782 237 590 183 455 231 576 209 522 192 479 189 471 175 435
3 684 1704 471 1173 355 885 274 682 347 864 314 782 288 718 284 707 262 653
4 912 2272 628 1564 474 1180 365 910 462 1153 419 1043 384 958 378 942 349 871
5 1140 2841 785 1956 592 1475 456 1137 578 1441 523 1304 480 1197 473 1178 437 1089
10 2279 5681 1569 3911 1184 2951 913 2275 1156 2882 1046 2608 961 2395 945 2356 873 2177
25 5698 14203 3923 9778 2960 7377 2282 5687 2890 7204 2616 6520 2402 5987 2363 5890 2184 5443
50 11396 28405 7846 19556 5919 14754 4563 11374 5780 14408 5232 13040 4804 11975 4726 11780 4367 10886
75 17094 42608 11769 29334 8879 22131 6845 17060 8671 21612 7848 19561 7206 17962 7089 17670 6551 16329
min max min max min max min max min max min max min max min max min max
1 432 772 297 532 224 401 173 309 219 392 198 355 182 326 179 320 166 296
2 864 1544 595 1063 449 802 346 618 438 783 397 709 364 651 358 641 331 592
3 1296 2317 892 1595 673 1203 519 928 657 1175 595 1064 546 977 538 961 497 888
4 1728 3089 1190 2127 898 1604 692 1237 877 1567 793 1418 729 1302 717 1281 662 1184
5 2160 3861 1487 2658 1122 2006 865 1546 1096 1958 992 1773 911 1628 896 1601 828 1480
10 4320 7722 2974 5316 2244 4011 1730 3092 2191 3917 1983 3545 1821 3255 1792 3203 1656 2959
25 10801 19305 7436 13291 5610 10028 4325 7730 5478 9792 4958 8863 4553 8138 4479 8006 4139 7399
50 21602 38611 14872 26582 11220 20055 8649 15460 10957 19584 9917 17726 9106 16277 8959 16013 8279 14797
75 32403 57916 22308 39873 16831 30083 12974 23190 16435 29376 14875 26588 13660 24415 13438 24019 12418 22196
No of
connections
No of
connections
No of
connections
No of
connections
BS 2015
BAU 2030
EE 2030
Te 2030
NaNiCl V-Redox ZnBr Zn-air
V-Redox ZnBr Zn-air
Pb-acid NiCd NiMH Li-ion NaS
Pb-acid NiCd NiMH Li-ion NaS NaNiCl
NaNiCl V-Redox ZnBr Zn-air
V-Redox ZnBr Zn-air
Pb-acid NiCd NiMH Li-ion NaS
Electrically heated communities/winter - Nominal capacity (kWh) for 4 days
Pb-acid NiCd NiMH Li-ion NaS NaNiCl
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Table 26: Nominal battery capacity for electrically heated properties with 4 
days of autonomy in the various scales and the different scenarios in 
summer 2030 
 
 
 
 
min max min max min max min max min max min max min max min max min max
1 187 425 129 293 97 221 75 170 95 216 86 195 79 179 78 176 72 163
2 374 850 258 586 194 442 150 341 190 431 172 390 158 359 155 353 143 326
3 561 1276 386 878 292 663 225 511 285 647 258 586 237 538 233 529 215 489
4 748 1701 515 1171 389 883 300 681 380 863 344 781 315 717 310 705 287 652
5 936 2126 644 1464 486 1104 375 851 475 1078 429 976 394 896 388 882 359 815
10 1871 4252 1288 2928 972 2209 749 1703 949 2157 859 1952 789 1793 776 1763 717 1630
25 4678 10631 3220 7319 2430 5522 1873 4257 2373 5392 2147 4880 1972 4481 1940 4409 1793 4074
50 9355 21262 6441 14638 4859 11044 3746 8513 4745 10784 4295 9761 3944 8963 3880 8817 3585 8148
75 14033 31892 9661 21956 7289 16565 5619 12770 7118 16176 6442 14641 5916 13444 5820 13226 5378 12222
min max min max min max min max min max min max min max min max min max
1 204 469 141 323 106 244 82 188 104 238 94 216 86 198 85 195 78 180
2 408 939 281 646 212 488 163 376 207 476 187 431 172 396 169 389 156 360
3 612 1408 422 970 318 732 245 564 311 714 281 647 258 594 254 584 235 540
4 816 1878 562 1293 424 975 327 752 414 952 375 862 344 792 339 779 313 720
5 1021 2347 703 1616 530 1219 409 940 518 1191 469 1078 430 990 423 973 391 900
10 2041 4695 1405 3232 1060 2438 817 1880 1035 2381 937 2155 860 1979 846 1947 782 1799
25 5103 11736 3513 8080 2650 6096 2043 4699 2588 5953 2343 5388 2151 4948 2116 4867 1956 4498
50 10206 23473 7026 16160 5301 12192 4086 9398 5176 11906 4685 10776 4302 9895 4232 9734 3911 8996
75 15308 35209 10539 24240 7951 18288 6129 14098 7765 17859 7028 16164 6453 14843 6349 14602 5867 13493
min max min max min max min max min max min max min max min max min max
1 145 328 100 226 75 171 58 131 73 167 66 151 61 138 60 136 55 126
2 289 657 199 452 150 341 116 263 147 333 133 301 122 277 120 272 111 252
3 434 985 299 678 225 512 174 394 220 500 199 452 183 415 180 408 166 377
4 578 1313 398 904 300 682 232 526 293 666 265 603 244 554 240 545 222 503
5 723 1641 498 1130 375 853 289 657 367 833 332 754 305 692 300 681 277 629
10 1446 3283 995 2260 751 1705 579 1314 733 1665 664 1507 609 1384 600 1361 554 1258
25 3614 8207 2488 5650 1877 4263 1447 3286 1833 4163 1659 3768 1524 3460 1499 3404 1385 3145
50 7229 16414 4977 11300 3755 8526 2894 6572 3667 8325 3319 7535 3047 6919 2998 6807 2770 6290
75 10843 24621 7465 16950 5632 12789 4342 9858 5500 12488 4978 11303 4571 10379 4497 10211 4156 9436
min max min max min max min max min max min max min max min max min max
1 349 532 240 367 181 277 140 213 177 270 160 244 147 224 145 221 134 204
2 697 1065 480 733 362 553 279 426 354 540 320 489 294 449 289 442 267 408
3 1046 1597 720 1100 543 830 419 640 531 810 480 733 441 673 434 662 401 612
4 1395 2130 960 1466 724 1106 558 853 707 1080 640 978 588 898 578 883 535 816
5 1743 2662 1200 1833 906 1383 698 1066 884 1350 800 1222 735 1122 723 1104 668 1020
10 3487 5324 2401 3665 1811 2765 1396 2132 1769 2700 1601 2444 1470 2244 1446 2208 1336 2040
25 8717 13310 6001 9163 4528 6913 3490 5329 4422 6751 4002 6110 3675 5611 3615 5520 3341 5101
50 17434 26619 12003 18326 9056 13827 6981 10658 8843 13502 8004 12221 7350 11222 7230 11039 6681 10201
75 26152 39929 18004 27489 13584 20740 10471 15988 13265 20253 12006 18331 11024 16832 10845 16559 10022 15302
NaNiCl V-Redox ZnBr Zn-air
No of
connections
No of
connections
No of
connections
No of
connections
NaNiCl V-Redox ZnBr Zn-air
Te 2030
Pb-acid NiCd NiMH Li-ion NaS
NaNiCl V-Redox ZnBr Zn-air
EE 2030
Pb-acid NiCd NiMH Li-ion NaS
NaNiCl V-Redox ZnBr Zn-air
BAU 2030
Pb-acid NiCd NiMH Li-ion NaS
Electrically heated communities/summer - Nominal capacity (kWh) for 4 days
BS 2015
Pb-acid NiCd NiMH Li-ion NaS
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Table 27: Nominal battery capacity for electrically heated properties with 1 
day of autonomy in the various scales and the different scenarios in winter 
2030 
 
 
 
 
 
min max min max min max min max min max min max min max min max min max
1 40 94 27 64 21 49 16 37 20 47 18 43 17 39 16 39 15 36
2 79 187 54 129 41 97 32 75 40 95 36 86 33 79 33 78 30 72
3 119 281 82 193 62 146 48 112 60 142 54 129 50 118 49 116 45 108
4 158 374 109 258 82 194 63 150 80 190 73 172 67 158 66 155 61 143
5 198 468 136 322 103 243 79 187 100 237 91 215 83 197 82 194 76 179
10 395 936 272 644 205 486 158 375 201 475 182 429 167 394 164 388 152 359
25 989 2339 681 1610 514 1215 396 936 501 1186 454 1074 417 986 410 970 379 896
50 1977 4678 1361 3220 1027 2430 792 1873 1003 2373 908 2147 834 1972 820 1940 758 1793
75 2966 7016 2042 4830 1541 3644 1188 2809 1504 3559 1362 3221 1250 2958 1230 2910 1137 2689
min max min max min max min max min max min max min max min max min max
1 43 103 30 71 23 54 17 41 22 52 20 47 18 44 18 43 17 40
2 87 207 60 142 45 107 35 83 44 105 40 95 37 87 36 86 33 79
3 130 310 90 213 68 161 52 124 66 157 60 142 55 131 54 129 50 119
4 173 413 119 285 90 215 69 165 88 210 80 190 73 174 72 171 66 158
5 217 517 149 356 113 268 87 207 110 262 100 237 91 218 90 214 83 198
10 434 1033 299 711 225 537 174 414 220 524 199 474 183 436 180 429 166 396
25 1084 2583 747 1778 563 1342 434 1034 550 1310 498 1186 457 1089 450 1071 416 990
50 2169 5167 1493 3557 1126 2684 868 2069 1100 2621 996 2372 914 2178 899 2143 831 1980
75 3253 7750 2240 5335 1690 4025 1303 3103 1650 3931 1493 3558 1371 3267 1349 3214 1247 2970
min max min max min max min max min max min max min max min max min max
1 30 72 21 50 16 38 12 29 15 37 14 33 13 30 13 30 12 28
2 60 145 42 100 31 75 24 58 31 73 28 66 25 61 25 60 23 55
3 91 217 62 149 47 113 36 87 46 110 42 100 38 91 38 90 35 83
4 121 289 83 199 63 150 48 116 61 147 55 133 51 122 50 120 46 111
5 151 361 104 249 78 188 60 145 77 183 69 166 64 152 63 150 58 139
10 302 723 208 498 157 375 121 289 153 367 139 332 127 305 125 300 116 277
25 755 1807 520 1244 392 939 302 724 383 917 347 830 318 762 313 749 289 693
50 1510 3614 1039 2488 784 1877 604 1447 766 1833 693 1659 636 1524 626 1499 579 1385
75 2264 5422 1559 3733 1176 2816 907 2171 1149 2750 1040 2489 955 2286 939 2248 868 2078
min max min max min max min max min max min max min max min max min max
1 56 98 38 67 29 51 22 39 28 50 26 45 23 41 23 41 21 37
2 111 196 77 135 58 102 45 78 57 99 51 90 47 82 46 81 43 75
3 167 293 115 202 87 152 67 117 85 149 77 135 70 124 69 122 64 112
4 223 391 153 269 116 203 89 157 113 198 102 180 94 165 92 162 85 150
5 279 489 192 337 145 254 112 196 141 248 128 224 117 206 116 203 107 187
10 557 978 384 673 289 508 223 392 283 496 256 449 235 412 231 406 213 375
25 1393 2445 959 1683 723 1270 558 979 706 1240 639 1122 587 1031 578 1014 534 937
50 2785 4890 1918 3367 1447 2540 1115 1958 1413 2480 1279 2245 1174 2061 1155 2028 1067 1874
75 4178 7335 2876 5050 2170 3810 1673 2937 2119 3721 1918 3367 1761 3092 1733 3042 1601 2811
No of
connections
No of
connections
No of
connections
No of
connections V-Redox ZnBr Zn-air
V-Redox ZnBr Zn-air
Te 2030
Pb-acid NiCd NiMH Li-ion NaS NaNiCl
Pb-acid NiCd NiMH Li-ion NaS NaNiCl
NaS NaNiCl V-Redox ZnBr Zn-air
EE 2030
Electrically heated communities/winter - Nominal capacity (kWh) for 1 day
BS 2015
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
BAU 2030
Pb-acid NiCd NiMH Li-ion
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Table 28: Nominal battery capacity for electrically heated properties with 1 
day of autonomy in the various scales and the different scenarios in summer 
2030 
 
 
 
 
 
 
 
 
 
min max min max min max min max min max min max min max min max min max
1 26 55 18 38 13 29 10 22 13 28 12 25 11 23 11 23 10 21
2 51 111 35 76 27 57 20 44 26 56 23 51 22 47 21 46 20 42
3 77 166 53 114 40 86 31 66 39 84 35 76 32 70 32 69 29 64
4 102 221 70 152 53 115 41 89 52 112 47 102 43 93 42 92 39 85
5 128 276 88 190 66 144 51 111 65 140 59 127 54 117 53 115 49 106
10 255 553 176 381 133 287 102 221 129 280 117 254 108 233 106 229 98 212
25 638 1382 439 951 331 718 255 553 324 701 293 634 269 583 265 573 244 530
50 1276 2764 878 1903 663 1436 511 1107 647 1402 586 1269 538 1165 529 1146 489 1059
75 1914 4146 1317 2854 994 2154 766 1660 971 2103 878 1903 807 1748 794 1719 733 1589
min max min max min max min max min max min max min max min max min max
1 28 61 19 42 14 32 11 24 14 31 13 28 12 26 11 25 11 23
2 55 122 38 84 29 63 22 49 28 62 25 56 23 51 23 50 21 47
3 83 182 57 126 43 95 33 73 42 93 38 84 35 77 34 76 32 70
4 111 243 76 167 57 126 44 97 56 123 51 112 47 103 46 101 42 93
5 138 304 95 209 72 158 55 122 70 154 63 140 58 128 57 126 53 117
10 276 608 190 419 144 316 111 243 140 308 127 279 117 256 115 252 106 233
25 691 1520 476 1047 359 790 277 609 350 771 317 698 291 641 287 630 265 583
50 1382 3040 951 2093 718 1579 553 1217 701 1542 634 1396 583 1282 573 1261 530 1165
75 2073 4561 1427 3140 1077 2369 830 1826 1051 2313 952 2094 874 1923 860 1891 794 1748
min max min max min max min max min max min max min max min max min max
1 20 43 13 29 10 22 8 17 10 22 9 20 8 18 8 18 7 16
2 39 85 27 59 20 44 16 34 20 43 18 39 16 36 16 35 15 33
3 59 128 40 88 30 66 23 51 30 65 27 59 25 54 24 53 22 49
4 78 170 54 117 41 88 31 68 40 86 36 78 33 72 32 71 30 65
5 98 213 67 146 51 110 39 85 50 108 45 98 41 90 41 88 37 81
10 196 425 135 293 102 221 78 170 99 216 90 195 82 179 81 176 75 163
25 489 1063 337 732 254 552 196 426 248 539 224 488 206 448 203 441 187 407
50 978 2126 673 1464 508 1104 392 851 496 1078 449 976 412 896 406 882 375 815
75 1467 3189 1010 2196 762 1657 587 1277 744 1618 673 1464 618 1344 608 1323 562 1222
min max min max min max min max min max min max min max min max min max
1 45 68 31 47 23 35 18 27 23 35 21 31 19 29 19 28 17 26
2 90 136 62 94 47 71 36 54 46 69 41 62 38 57 37 56 35 52
3 135 204 93 141 70 106 54 82 69 104 62 94 57 86 56 85 52 78
4 180 272 124 187 94 141 72 109 91 138 83 125 76 115 75 113 69 104
5 225 340 155 234 117 177 90 136 114 173 103 156 95 143 93 141 86 130
10 451 680 310 468 234 353 180 272 229 345 207 312 190 287 187 282 173 261
25 1127 1701 776 1171 585 883 451 681 572 863 517 781 475 717 467 705 432 652
50 2254 3402 1552 2342 1171 1767 902 1362 1143 1725 1035 1562 950 1434 935 1411 864 1304
75 3381 5103 2327 3513 1756 2650 1354 2043 1715 2588 1552 2343 1425 2151 1402 2116 1296 1956
No of
connections
No of
connections
No of
connections
No of
connections
BS 2015
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Pb-acid
NaNiCl V-Redox ZnBr Zn-air
EE 2030
Pb-acid NiCd NiMH Li-ion NaS
BAU 2030
NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Te 2030
Pb-acid NiCd NiMH Li-ion NaS
Electrically heated communities/summer - Nominal capacity (kWh) for 1 day
NaNiCl V-Redox ZnBr Zn-air
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5.2.1 Estimation of footprint 
 
Table 0-5 shows the footprint for 4 days of autonomy and Table 0-6 the 
footprint for 1 day of autonomy. The findings from Table 5-4 (in main text) 
regarding the applicability of the technologies in different scales have also 
been used, so in the cases of no applicability, the cells are shaded and have 
an indication of N/A (not available). As there is a range for the spatial 
requirement in some technologies, two different sets of footprint values were 
calculated, considering the minimum and maximum value of this range. 
Therefore, Table 0-5 and Table 0-6, comprising two sub-tables each, present 
both sets of footprint values – each set in one of the two sub-tables. More 
specifically, in the sub-table on the left the minimum values for spatial 
requirement were used (i.e. 0.057 for Pb-acid, 0.009 for NiCd, 0.005 for Li-
ion etc), while in the sub-table on the right the maximum values were used 
(i.e. 0.22 for Pb-acid, 0.038 for NiCd, 0.013 for Li-ion etc). The technologies 
that do not have a range for spatial requirement – as no range was identified 
in the literature in Phase 1 – are NiMH, NaS and Zn-air and, as observed in 
Table 0-5 and Table 0-6, the footprint values are the same for these 
technologies in the two sub-tables. 
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Table 29: Battery footprint for electrically heated properties in the various scales under the different scenarios in winter 2030 for 
four days of autonom
y (left: m
inim
um
 spatial requirem
ent values from
 Table 5-8 – low footprint range, right: m
axim
um
 spatial 
requirem
ent values from
 Table 5-8 – high footprint range) 
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Table 30: Battery footprint for electrically heated properties in the various scales under the different scenarios in winter 2030 for one 
day of autonom
y (left: m
inim
um
 spatial requirem
ent values from
 Table 5-8 – low footprint range, right: m
axim
um
 spatial requirem
ent 
values from
 Table 5-8 – high footprint range) 
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18.3
4.4
10.5
1.7
4.2
25
166.1
397.6
19.7
47.3
12.5
N/A
3.9
9.4
1.5
3.7
7.6
18.3
13.4
32.0
7.8
18.7
1.7
4.2
50
86.0
206.0
9.4
N/A
N/A
N/A
3.0
7.2
3.1
7.3
11.8
28.2
15.3
36.6
8.8
21.0
3.5
8.3
50
332.1
795.2
39.5
N/A
N/A
N/A
7.9
18.8
3.1
7.3
15.2
36.5
26.7
64.0
15.7
37.5
3.5
8.3
75
129.1
309.0
N/A
N/A
N/A
N/A
4.5
10.9
4.6
11.0
17.7
42.3
22.9
54.9
13.1
31.5
5.2
12.5
75
498.2
1192.8
N/A
N/A
N/A
N/A
11.8
28.2
4.6
11.0
22.9
54.8
40.1
96.0
23.5
56.2
5.2
12.5
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
3.2
5.6
0.3
0.6
0.9
1.6
0.1
0.2
N/A
N/A
0.4
0.8
0.6
1.0
N/A
N/A
N/A
N/A
1
12.3
21.5
1.5
2.6
0.9
1.6
0.3
0.5
N/A
N/A
0.6
1.0
1.0
1.7
N/A
N/A
N/A
N/A
2
6.4
11.1
0.7
1.2
1.9
3.3
0.2
0.4
N/A
N/A
0.9
1.5
1.1
2.0
N/A
1.1
N/A
0.4
2
24.5
43.0
2.9
5.1
1.9
3.3
0.6
1.0
N/A
N/A
1.1
2.0
2.0
3.5
N/A
2.0
N/A
0.4
3
9.5
16.7
1.0
1.8
2.8
4.9
0.3
0.6
N/A
N/A
1.3
2.3
1.7
3.0
1.0
1.7
N/A
0.7
3
36.8
64.5
4.4
7.7
2.8
4.9
0.9
1.5
N/A
N/A
1.7
3.0
3.0
5.2
1.7
3.0
N/A
0.7
4
12.7
22.3
1.4
2.4
3.7
6.5
0.4
0.8
N/A
N/A
1.7
3.1
2.3
4.0
1.3
2.3
0.5
0.9
4
49.0
86.1
5.8
10.2
3.7
6.5
1.2
2.0
N/A
N/A
2.3
4.0
3.9
6.9
2.3
4.1
0.5
0.9
5
15.9
27.9
1.7
3.0
4.6
8.1
0.6
1.0
N/A
N/A
2.2
3.8
2.8
4.9
1.6
2.8
0.6
1.1
5
61.3
107.6
7.3
12.8
4.6
8.1
1.4
2.5
N/A
N/A
2.8
4.9
4.9
8.7
2.9
5.1
0.6
1.1
10
31.8
55.7
3.5
6.1
9.3
N/A
1.1
2.0
N/A
2.0
4.3
7.6
5.6
9.9
3.2
5.7
1.3
2.2
10
122.6
215.2
14.6
25.6
9.3
N/A
2.9
5.1
N/A
2.0
5.6
9.9
9.9
17.3
5.8
10.1
1.3
2.2
25
79.4
139.4
8.6
N/A
N/A
N/A
2.8
4.9
2.8
5.0
10.9
19.1
14.1
24.7
8.1
14.2
3.2
5.6
25
306.4
537.9
36.4
N/A
N/A
N/A
7.2
12.7
2.8
5.0
14.1
24.7
24.7
43.3
14.4
25.4
3.2
5.6
50
158.8
278.7
N/A
N/A
N/A
N/A
5.6
9.8
5.7
9.9
21.7
38.2
28.2
49.5
16.2
28.4
6.4
11.2
50
612.8
1075.8
N/A
N/A
N/A
N/A
14.5
25.5
5.7
9.9
28.1
49.4
49.3
86.6
28.9
50.7
6.4
11.2
75
238.1
418.1
N/A
N/A
N/A
N/A
8.4
14.7
8.5
14.9
32.6
57.2
42.3
74.2
24.3
42.6
9.6
16.9
75
919.1
1613.7
N/A
N/A
N/A
N/A
21.7
38.2
8.5
14.9
42.2
74.1
74.0
129.9
43.3
76.1
9.6
16.9
No of
connections
NaNiCl
V-Redox
ZnBr
Zn-air
ZnBr
Zn-air
Electrically heated com
m
unities/winter - Footprint (m
2) for 1 day - m
ax footprint assum
ed
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
Zn-air
No of
connections
EE 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
Te 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
ZnBr
Zn-air
Electrically heated com
m
unities/winter - Footprint (m
2) for 1 day - m
in footprint assum
ed
Zn-air
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
No of
connections
EE 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Te 2030
Pb-acid
NiCd
NiM
H
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 Table 31: Battery volum
e for electrically heated properties in the various scales under the different scenarios in winter 2030 for four 
days of autonom
y (left: m
inim
um
 energy density values from
 Table 5-8 – low volum
e range, right: m
axim
um
 energy density values 
from
 Table 5-8 – high volum
e range) 
 
N/A 
Technology not applicable for that scale 
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
8.2
20.3
1.1
2.8
0.5
1.2
1.3
3.2
N/A
1.0
1.0
2.5
6.9
17.1
6.8
16.8
0.2
0.4
1
4.1
10.1
1.1
2.8
0.5
1.2
0.2
0.5
N/A
1.0
0.7
1.9
3.9
9.8
3.9
9.6
0.2
0.4
2
16.3
40.6
2.2
5.6
1.0
N/A
2.5
6.3
N/A
2.1
2.0
5.0
13.8
34.2
13.5
33.6
0.3
0.8
2
8.2
20.3
2.2
5.6
1.0
N/A
0.4
1.0
N/A
2.1
1.5
3.7
7.9
19.5
7.7
19.2
0.3
0.8
3
24.5
60.9
3.4
N/A
N/A
N/A
3.8
9.5
1.2
3.1
3.0
7.4
20.7
51.3
20.3
50.5
0.5
1.2
3
12.2
30.4
3.4
N/A
N/A
N/A
0.6
1.5
1.2
3.1
2.2
5.6
11.8
29.3
11.6
28.8
0.5
1.2
4
32.7
81.1
4.5
N/A
N/A
N/A
5.1
12.6
1.7
4.1
4.0
9.9
27.5
68.4
27.1
67.3
0.6
1.6
4
16.3
40.6
4.5
N/A
N/A
N/A
0.8
2.1
1.7
4.1
3.0
7.4
15.7
39.1
15.5
38.5
0.6
1.6
5
40.8
101.4
5.6
N/A
N/A
N/A
6.3
15.8
2.1
5.1
5.0
12.4
34.4
85.5
33.9
84.1
0.8
1.9
5
20.4
50.7
5.6
N/A
N/A
N/A
1.0
2.6
2.1
5.1
3.7
9.3
19.7
48.9
19.3
48.1
0.8
1.9
10
81.6
202.8
N/A
N/A
N/A
N/A
12.7
31.5
4.1
10.3
10.0
24.8
68.8
171.0
67.7
168.2
1.6
3.9
10
40.8
101.4
N/A
N/A
N/A
N/A
2.1
5.2
4.1
10.3
7.5
18.6
39.3
97.7
38.7
96.1
1.6
3.9
25
204.1
507.1
N/A
N/A
N/A
N/A
31.7
78.8
10.4
25.7
25.0
N/A
172.1
427.5
169.3
N/A
3.9
9.7
25
102.1
253.5
N/A
N/A
N/A
N/A
5.2
12.9
10.4
25.7
18.7
N/A
98.3
244.3
96.7
N/A
3.9
9.7
50
408.2
1014.2
N/A
N/A
N/A
N/A
63.5
157.7
20.7
51.4
N/A
N/A
344.2
N/A
N/A
N/A
7.8
N/A
50
204.1
507.1
N/A
N/A
N/A
N/A
10.4
25.8
20.7
51.4
N/A
N/A
196.7
N/A
N/A
N/A
7.8
N/A
75
612.3
1521.3
N/A
N/A
N/A
N/A
95.2
236.5
31.1
77.2
N/A
N/A
N/A
N/A
N/A
N/A
11.7
N/A
75
306.2
760.6
N/A
N/A
N/A
N/A
15.6
38.7
31.1
77.2
N/A
N/A
N/A
N/A
N/A
N/A
11.7
N/A
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
5.7
14.2
0.8
2.0
0.3
0.8
0.9
2.2
N/A
N/A
0.7
1.7
4.8
12.0
4.7
11.8
0.1
0.3
1
2.8
7.1
0.8
2.0
0.3
0.8
0.1
0.4
N/A
N/A
0.5
1.3
2.7
6.8
2.7
6.7
0.1
0.3
2
11.4
28.4
1.6
3.9
0.7
N/A
1.8
4.4
N/A
1.4
1.4
3.5
9.6
23.9
9.5
23.6
0.2
0.5
2
5.7
14.2
1.6
3.9
0.7
N/A
0.3
0.7
N/A
1.4
1.0
2.6
5.5
13.7
5.4
13.5
0.2
0.5
3
17.1
42.6
2.4
5.9
1.0
N/A
2.7
6.6
N/A
2.2
2.1
5.2
14.4
35.9
14.2
35.3
0.3
0.8
3
8.5
21.3
2.4
5.9
1.0
N/A
0.4
1.1
N/A
2.2
1.6
3.9
8.2
20.5
8.1
20.2
0.3
0.8
4
22.8
56.8
3.1
N/A
1.4
N/A
3.5
8.8
1.2
2.9
2.8
7.0
19.2
47.9
18.9
47.1
0.4
1.1
4
11.4
28.4
3.1
N/A
1.4
N/A
0.6
1.4
1.2
2.9
2.1
5.2
11.0
27.4
10.8
26.9
0.4
1.1
5
28.5
71.0
3.9
N/A
N/A
N/A
4.4
11.0
1.4
3.6
3.5
8.7
24.0
59.9
23.6
58.9
0.5
1.4
5
14.2
35.5
3.9
N/A
N/A
N/A
0.7
1.8
1.4
3.6
2.6
6.5
13.7
34.2
13.5
33.7
0.5
1.4
10
57.0
142.0
N/A
N/A
N/A
N/A
8.9
22.1
2.9
7.2
7.0
17.4
48.0
119.7
47.3
117.8
1.1
2.7
10
28.5
71.0
N/A
N/A
N/A
N/A
1.4
3.6
2.9
7.2
5.2
13.0
27.5
68.4
27.0
67.3
1.1
2.7
25
142.5
355.1
N/A
N/A
N/A
N/A
22.2
55.2
7.2
18.0
17.4
N/A
120.1
299.4
118.2
N/A
2.7
6.8
25
71.2
177.5
N/A
N/A
N/A
N/A
3.6
9.0
7.2
18.0
13.1
N/A
68.6
171.1
67.5
N/A
2.7
6.8
50
284.9
710.1
N/A
N/A
N/A
N/A
44.3
110.4
14.5
36.0
N/A
N/A
240.2
N/A
N/A
N/A
5.5
N/A
50
142.5
355.1
N/A
N/A
N/A
N/A
7.2
18.1
14.5
36.0
N/A
N/A
137.3
N/A
N/A
N/A
5.5
N/A
75
427.4
1065.2
N/A
N/A
N/A
N/A
66.5
165.6
21.7
54.0
N/A
N/A
360.3
N/A
N/A
N/A
8.2
N/A
75
213.7
532.6
N/A
N/A
N/A
N/A
10.9
27.1
21.7
54.0
N/A
N/A
205.9
N/A
N/A
N/A
8.2
N/A
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
10.8
19.3
1.5
2.7
0.6
1.1
1.7
3.0
N/A
1.0
1.3
2.4
9.1
16.3
9.0
16.0
0.2
0.4
1
5.4
9.7
1.5
2.7
0.6
1.1
0.3
0.5
N/A
1.0
1.0
1.8
5.2
9.3
5.1
9.2
0.2
0.4
2
21.6
38.6
3.0
5.3
1.3
N/A
3.4
6.0
1.1
2.0
2.6
4.7
18.2
32.6
17.9
32.0
0.4
0.7
2
10.8
19.3
3.0
5.3
1.3
N/A
0.5
1.0
1.1
2.0
2.0
3.5
10.4
18.6
10.2
18.3
0.4
0.7
3
32.4
57.9
4.5
N/A
N/A
N/A
5.0
9.0
1.6
2.9
4.0
7.1
27.3
48.8
26.9
48.0
0.6
1.1
3
16.2
29.0
4.5
N/A
N/A
N/A
0.8
1.5
1.6
2.9
3.0
5.3
15.6
27.9
15.4
27.5
0.6
1.1
4
43.2
77.2
5.9
N/A
N/A
N/A
6.7
12.0
2.2
3.9
5.3
9.5
36.4
65.1
35.8
64.1
0.8
1.5
4
21.6
38.6
5.9
N/A
N/A
N/A
1.1
2.0
2.2
3.9
4.0
7.1
20.8
37.2
20.5
36.6
0.8
1.5
5
54.0
96.5
7.4
N/A
N/A
N/A
8.4
15.0
2.7
4.9
6.6
11.8
45.5
81.4
44.8
80.1
1.0
1.8
5
27.0
48.3
7.4
N/A
N/A
N/A
1.4
2.5
2.7
4.9
5.0
8.9
26.0
46.5
25.6
45.8
1.0
1.8
10
108.0
193.1
N/A
N/A
N/A
N/A
16.8
30.0
5.5
9.8
13.2
23.6
91.1
162.8
89.6
160.1
2.1
3.7
10
54.0
96.5
N/A
N/A
N/A
N/A
2.7
4.9
5.5
9.8
9.9
17.7
52.0
93.0
51.2
91.5
2.1
3.7
25
270.0
482.6
N/A
N/A
N/A
N/A
42.0
75.0
13.7
24.5
33.1
N/A
227.7
406.9
N/A
N/A
5.2
9.2
25
135.0
241.3
N/A
N/A
N/A
N/A
6.9
12.3
13.7
24.5
24.8
N/A
130.1
232.5
N/A
N/A
5.2
9.2
50
540.0
965.3
N/A
N/A
N/A
N/A
84.0
150.1
27.4
49.0
N/A
N/A
455.3
N/A
N/A
N/A
10.3
N/A
50
270.0
482.6
N/A
N/A
N/A
N/A
13.7
24.5
27.4
49.0
N/A
N/A
260.2
N/A
N/A
N/A
10.3
N/A
75
810.1
1447.9
N/A
N/A
N/A
N/A
126.0
225.1
41.1
73.4
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
75
405.0
724.0
N/A
N/A
N/A
N/A
20.6
36.8
41.1
73.4
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
NaNiCl
V-Redox
ZnBr
Zn-air
Electrically heated com
m
unities/winter
Volum
e (m
3) for 4 days - m
ax energy density assum
ed
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Electrically heated com
m
unities/winter
Volum
e (m
3) for 4 days - m
in energy density assum
ed
NiM
H
Li-ion
NaS
NaNiCl
Zn-air
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Li-ion
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
V-Redox
ZnBr
Zn-air
ZnBr
Zn-air
No of
connections
EE 2030
Pb-acid
NiCd
EE 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
No of
connections
Te 2030
Pb-acid
NiCd
NiM
H
No of
connections
Te 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
No of
connections
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Table 32: Battery volum
e for electrically heated properties in the various scales under the different scenarios in winter 2030 for one 
day of autonom
y (left: m
inim
um
 energy density values from
 Table 5-8 - high volum
e range, right: m
axim
um
 energy density values 
from
 Table 5-8 - low volum
e range) 
 
N/A 
Technology not applicable for that scale 
 5.2.3 Estim
ation of m
ass 
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
1.08
2.58
0.15
0.36
0.06
0.15
0.17
0.40
N/A
N/A
0.13
0.32
0.91
2.18
N/A
N/A
N/A
N/A
1
0.54
1.29
0.15
0.36
0.06
0.15
0.03
0.07
N/A
N/A
0.10
0.24
0.52
1.24
N/A
N/A
N/A
N/A
2
2.17
5.17
0.30
0.71
0.13
0.31
0.34
0.80
N/A
N/A
0.27
0.63
1.83
4.36
N/A
4.29
N/A
0.10
2
1.08
2.58
0.30
0.71
0.13
0.31
0.06
0.13
N/A
N/A
0.20
0.47
1.04
2.49
N/A
2.45
N/A
0.10
3
3.25
7.75
0.45
1.07
0.19
0.46
0.51
1.21
N/A
N/A
0.40
0.95
2.74
6.53
2.70
6.43
N/A
0.15
3
1.63
3.87
0.45
1.07
0.19
0.46
0.08
0.20
N/A
N/A
0.30
0.71
1.57
3.73
1.54
3.67
N/A
0.15
4
4.34
10.33
0.60
1.42
0.26
0.61
0.67
1.61
N/A
N/A
0.53
1.27
3.66
8.71
3.60
8.57
N/A
0.20
4
2.17
5.17
0.60
1.42
0.26
0.61
0.11
0.26
N/A
N/A
0.40
0.95
2.09
4.98
2.06
4.90
N/A
0.20
5
5.42
12.92
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Table 33: Battery m
ass for electrically heated properties in the various scales under the different scenarios in winter 2030 for four 
days of autonom
y (left: m
inim
um
 specific energy values from
 Table 5-8 - high m
ass range, right: m
axim
um
 specific energy values 
from
 Table 5-8 - low m
ass range)  
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Table 34: Battery m
ass for electrically heated properties in the various scales under the different scenarios in winter 2030 for one 
day of autonom
y (left: m
inim
um
 specific energy values from
 Table 5-8- high m
ass range, right: m
axim
um
 specific energy values 
from
 Table 5-8- low m
ass range) 
  N/A 
Technology not applicable for that scale 
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10
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N/A
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48901.5
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N/A
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3916
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19251
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4685
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N/A
N/A
N/A
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38025
4003
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in specific energy assum
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Electrically heated com
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NaNiCl
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Li-ion
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Zn-air
No of
connections
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NiMH
Li-ion
NaS
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ZnBr
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No of
connections
Te 2030
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NiMH
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
No of
connections
No of
connections
Te 2030
Pb-acid
NiCd
NiMH
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
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5.2.4 Estim
ation of investm
ent cost 
Table 35: Battery investm
ent cost for electrically heated properties in the various scales under the different scenarios in winter 2030 
for four days of autonom
y (m
inim
um
 investm
ent cost values from
 Table 5-8 – low cost range)  
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64,972
N/A
82,306
10,495
26,073
13,767
34,203
13,544
33,647
15,770
39,178
1
97,973
243,402
224,833
558,570
203,557
505,711
235,371
584,749
N/A
370,376
22,489
55,871
137,671
342,027
94,805
235,532
15,770
39,178
2
32,658
81,134
89,933
223,428
81,423
N/A
52,305
129,944
N/A
164,612
20,990
52,146
27,534
68,405
27,087
67,295
31,539
78,355
2
195,946
486,804
449,666
1,117,139
407,113
N/A
470,741
1,169,498
N/A
740,753
44,978
111,742
275,342
684,053
189,611
471,064
31,539
78,355
3
48,987
121,701
134,900
N/A
N/A
N/A
78,457
194,916
99,388
246,918
31,484
78,219
41,301
102,608
40,631
100,942
47,309
117,533
3
293,919
730,205
674,499
N/A
N/A
N/A
706,112
1,754,247
447,247
1,111,129
67,467
167,613
413,013
1,026,080
284,416
706,596
47,309
117,533
4
65,315
162,268
179,866
N/A
N/A
N/A
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259,888
132,518
329,224
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54,174
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156,710
4
391,892
973,607
899,332
N/A
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N/A
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1,176,853
2,923,745
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195,888
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6,085,044
N/A
N/A
N/A
N/A
5,884,267
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N/A
394,240
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1,656,471
4,115,294
N/A
N/A
688,356
N/A
N/A
N/A
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N/A
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N/A
N/A
N/A
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N/A
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3,042,522
N/A
N/A
N/A
N/A
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4,872,908
2,484,706
6,172,941
N/A
N/A
N/A
N/A
N/A
N/A
1,182,720
N/A
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7,347,978
18,255,133
N/A
N/A
N/A
N/A
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43,856,175
11,181,176
27,778,235
N/A
N/A
N/A
N/A
N/A
N/A
1,182,720
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70,821
18,252
45,494
N/A
N/A
7,325
18,257
9,608
23,949
9,452
23,560
11,006
27,433
1
68,377
170,432
156,915
391,116
142,066
354,104
164,269
409,447
N/A
N/A
15,695
39,121
96,083
239,490
66,166
164,922
11,006
27,433
2
22,792
56,811
62,766
156,446
56,826
N/A
36,504
90,988
N/A
115,263
14,649
36,513
19,217
47,898
18,905
47,121
22,012
54,865
2
136,754
340,865
313,829
782,232
284,131
N/A
328,538
818,894
N/A
518,682
31,391
78,243
192,166
478,981
132,332
329,844
22,012
54,865
3
34,189
85,216
94,149
234,669
85,239
N/A
54,756
136,482
N/A
172,894
21,974
54,770
28,825
71,847
28,357
70,681
33,018
82,298
3
205,131
511,297
470,744
1,173,347
426,197
N/A
492,807
1,228,341
N/A
778,024
47,086
117,364
288,249
718,471
198,499
494,765
33,018
82,298
4
45,585
113,622
125,532
N/A
113,652
N/A
73,008
181,976
92,486
230,525
29,298
73,026
38,433
95,796
37,809
94,241
44,023
109,730
4
273,508
681,729
627,659
N/A
568,262
N/A
657,076
1,637,788
416,188
1,037,365
62,781
156,485
384,332
957,961
264,665
659,687
44,023
109,730
5
56,981
142,027
156,915
N/A
N/A
N/A
91,261
227,470
115,608
288,157
36,623
91,283
48,041
119,745
47,262
117,801
55,029
137,163
5
341,885
852,161
784,574
N/A
N/A
N/A
821,346
2,047,234
520,235
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N/A
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N/A
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2
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107,715
N/A
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123,679
87,655
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41,724
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2
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594,871
1,063,273
538,577
N/A
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705,035
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106,354
364,255
651,070
250,839
448,350
41,724
74,577
3
64,805
115,833
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N/A
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N/A
103,792
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41,651
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54,638
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53,751
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3
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694,996
892,306
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N/A
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1,669,661
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1,057,553
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376,259
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111,866
4
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154,444
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N/A
N/A
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247,357
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55,535
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130,214
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83,447
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4
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926,662
1,189,741
N/A
N/A
N/A
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2,226,214
788,894
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728,510
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149,154
5
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193,055
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N/A
N/A
N/A
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309,196
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162,767
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186,443
5
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N/A
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N/A
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347,094
N/A
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N/A
N/A
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N/A
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4,930,588
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N/A
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N/A
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m
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Investm
ent cost (€) for 4 days - m
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ent cost assum
ed
Electrically heated com
m
unities/winter
Investm
ent cost (€) for 4 days - m
ax investm
ent cost assum
ed
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Table 36: Battery investm
ent cost for electrically heated properties in the various scales under the different scenarios in winter 2030 
for four days of autonom
y (m
axim
um
 investm
ent cost values from
 Table 5-8 – high cost range) 
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1
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243,402
224,833
558,570
203,557
505,711
235,371
584,749
N/A
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22,489
55,871
137,671
342,027
94,805
235,532
15,770
39,178
2
32,658
81,134
89,933
223,428
81,423
N/A
52,305
129,944
N/A
164,612
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52,146
27,534
68,405
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31,539
78,355
2
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486,804
449,666
1,117,139
407,113
N/A
470,741
1,169,498
N/A
740,753
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31,539
78,355
3
48,987
121,701
134,900
N/A
N/A
N/A
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102,608
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674,499
N/A
N/A
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1,026,080
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N/A
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409,447
N/A
N/A
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239,490
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2
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N/A
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N/A
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313,829
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511,297
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N/A
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494,765
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230,525
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37,809
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4
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341,885
852,161
784,574
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480,415
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2,402,074
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1,420,269
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854,713
2,130,403
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1,368,909
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1,734,118
4,322,353
N/A
N/A
720,622
N/A
N/A
N/A
825,440
N/A
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5,128,276
12,782,420
N/A
N/A
N/A
N/A
12,320,183
30,708,517
7,803,529
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311,376
556,554
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352,518
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182,127
325,535
125,420
224,175
20,862
37,289
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43,203
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118,974
212,655
107,715
N/A
69,195
123,679
87,655
156,675
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35,834
64,050
41,724
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2
259,220
463,331
594,871
1,063,273
538,577
N/A
622,752
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394,447
705,035
59,502
106,354
364,255
651,070
250,839
448,350
41,724
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3
64,805
115,833
178,461
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N/A
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185,518
131,482
235,012
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74,448
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53,751
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694,996
892,306
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N/A
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1,669,661
591,671
1,057,553
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4
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154,444
237,948
N/A
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72,851
130,214
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4
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926,662
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N/A
N/A
N/A
1,245,503
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788,894
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5
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Table 37: Battery investm
ent cost for electrically heated properties in the various scales under the different scenarios in winter 2030 
for one day of autonom
y (m
inim
um
 investm
ent cost values from
 Table 5-8– low cost range) 
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Table 38: Battery investm
ent cost for electrically heated properties in the various scales under the different scenarios in winter 2030 
for one day of autonom
y (m
axim
um
 investm
ent cost values from
 Table 5-8– high cost range) 
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344,559
825,000
51,976
124,450
318,185
761,852
219,114
524,639
36,447
87,267
50
75,478
180,723
207,853
N/A
N/A
N/A
120,886
289,446
153,137
366,667
48,511
116,154
63,637
152,370
62,604
149,897
72,893
174,533
50
452,870
1,084,337
1,039,267
N/A
N/A
N/A
1,087,976
2,605,014
689,118
1,650,000
103,953
248,900
636,370
1,523,704
438,228
1,049,278
72,893
174,533
75
113,218
271,084
N/A
N/A
N/A
N/A
181,329
434,169
229,706
550,000
72,767
174,230
95,456
228,556
93,906
224,845
109,340
261,800
75
679,305
1,626,506
N/A
N/A
N/A
N/A
1,631,965
3,907,521
1,033,676
2,475,000
155,929
373,351
954,556
2,285,556
657,342
1,573,917
109,340
261,800
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N/A
N/A
1,790
3,143
2,348
4,123
N/A
N/A
N/A
N/A
1
16,712
29,341
38,350
67,333
34,721
60,961
40,148
70,489
N/A
N/A
3,836
6,735
23,483
41,230
N/A
N/A
N/A
N/A
2
5,571
9,780
15,340
26,933
13,888
24,384
8,922
15,664
N/A
N/A
3,580
6,286
4,697
8,246
N/A
8,112
N/A
9,445
2
33,423
58,682
76,701
134,666
69,442
121,922
80,296
140,977
N/A
N/A
7,672
13,470
46,966
82,459
N/A
56,784
N/A
9,445
3
8,356
14,670
23,010
40,400
20,833
36,577
13,383
23,496
N/A
N/A
5,370
9,429
7,045
12,369
6,931
12,168
N/A
14,168
3
50,135
88,023
115,051
201,998
104,164
182,883
120,444
211,466
N/A
N/A
11,508
20,205
70,449
123,689
48,514
85,177
N/A
14,168
4
11,141
19,561
30,680
53,866
27,777
48,769
17,843
31,328
N/A
N/A
7,161
12,572
9,393
16,492
9,241
16,224
10,759
18,891
4
66,846
117,364
153,402
269,331
138,885
243,844
160,591
281,954
N/A
N/A
15,344
26,940
93,932
164,919
64,685
113,569
10,759
18,891
5
13,926
24,451
38,350
67,333
34,721
60,961
22,304
39,160
N/A
N/A
8,951
15,715
11,741
20,615
11,551
20,280
13,449
23,613
5
83,558
146,704
191,752
336,664
173,606
304,805
200,739
352,443
N/A
N/A
19,180
33,675
117,415
206,148
80,856
141,961
13,449
23,613
10
27,853
48,901
76,701
134,666
69,442
N/A
44,609
78,321
N/A
99,216
17,901
31,430
23,483
41,230
23,102
40,560
26,899
47,227
10
167,115
293,409
383,504
673,328
347,212
N/A
401,479
704,886
N/A
446,471
38,360
67,350
234,830
412,296
161,712
283,922
26,899
47,227
25
69,631
122,254
191,752
N/A
N/A
N/A
111,522
195,802
141,275
248,039
44,753
78,574
58,707
103,074
57,754
101,401
67,247
118,067
25
417,789
733,522
958,761
N/A
N/A
N/A
1,003,697
1,762,215
635,735
1,116,176
95,900
168,374
587,074
1,030,741
404,281
709,806
67,247
118,067
50
139,263
244,507
N/A
N/A
N/A
N/A
223,044
391,603
282,549
496,078
89,507
157,149
117,415
206,148
115,509
202,802
134,493
236,133
50
835,577
1,467,044
N/A
N/A
N/A
N/A
2,007,393
3,524,431
1,271,471
2,232,353
191,800
336,748
1,174,148
2,061,481
808,561
1,419,611
134,493
236,133
75
208,894
366,761
N/A
N/A
N/A
N/A
334,566
587,405
423,824
744,118
134,260
235,723
176,122
309,222
173,263
304,202
201,740
354,200
75
1,253,366
2,200,566
N/A
N/A
N/A
N/A
3,011,090
5,286,646
1,907,206
3,348,529
287,700
505,122
1,761,222
3,092,222
1,212,842
2,129,417
201,740
354,200
No of
connections
Te 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Te 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
EE 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
EE 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Electrically heated com
m
unities/winter
Investm
ent cost (€) for 1 day - m
in investm
ent cost assum
ed
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
BAU 2030
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Electrically heated com
m
unities/winter
Investm
ent cost (€) for 1 day - m
ax investm
ent cost assum
ed
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(Appendix C continued) 
Chapter 6 
 
Table 39: Nominal battery capacity for electrically heated communities in the 
three use cases (autonomy of 7h or 14h) in winter 2030 
 
min max min max min max min max min max min max min max min max min max
1 13 31 9 21 7 16 5 12 6 13 5 12 5 12 5 13 5 12
2 26 62 18 42 14 32 11 25 11 26 11 25 10 24 11 25 10 24
3 39 93 27 64 20 48 16 37 17 39 16 37 15 36 16 38 15 36
4 53 124 36 85 27 64 21 50 22 52 21 50 20 48 22 51 20 48
5 66 155 45 106 34 80 26 62 28 66 26 62 25 59 27 64 25 59
10 131 309 90 212 68 159 53 124 56 131 53 124 51 119 54 127 51 119
25 329 774 226 531 169 398 132 310 139 328 132 310 126 297 135 319 126 297
50 657 1547 451 1062 338 797 263 620 279 656 263 620 253 595 271 637 253 595
75 986 2321 677 1593 507 1195 395 929 418 984 395 929 379 892 406 956 379 892
min max min max min max min max min max min max min max min max min max
1 39 56 26 39 20 29 15 23 16 24 15 23 15 22 16 23 15 22
2 77 113 53 77 40 58 31 45 33 48 31 45 30 43 32 46 30 43
3 116 169 79 116 60 87 46 68 49 72 46 68 44 65 48 70 44 65
4 154 226 106 155 79 116 62 90 65 96 62 90 59 87 64 93 59 87
5 193 282 132 194 99 145 77 113 82 120 77 113 74 108 79 116 74 108
10 386 564 265 387 199 290 154 226 164 239 154 226 148 217 159 232 148 217
25 965 1410 662 968 497 726 386 564 409 598 386 564 371 542 397 581 371 542
50 1929 2819 1324 1935 993 1451 772 1129 818 1195 772 1129 741 1084 794 1161 741 1084
75 2894 4229 1986 2903 1490 2177 1159 1693 1227 1793 1159 1693 1112 1626 1192 1742 1112 1626
min max min max min max min max min max min max min max min max min max
1 -13 6 -9 4 -7 3 -5 2 -5 2 -5 2 -5 2 -5 2 -5 2
2 -25 11 -17 8 -13 6 -10 4 -11 5 -10 4 -10 4 -10 5 -10 4
3 -38 17 -26 11 -20 9 -15 7 -16 7 -15 7 -15 6 -16 7 -15 6
4 -51 22 -35 15 -26 11 -20 9 -22 9 -20 9 -20 8 -21 9 -20 8
5 -64 28 -44 19 -33 14 -25 11 -27 12 -25 11 -24 11 -26 11 -24 11
10 -127 55 -87 38 -65 28 -51 22 -54 23 -51 22 -49 21 -52 23 -49 21
25 -318 138 -218 95 -164 71 -127 55 -135 58 -127 55 -122 53 -131 57 -122 53
50 -636 276 -437 189 -327 142 -255 110 -270 117 -255 110 -244 106 -262 113 -244 106
75 -954 413 -655 284 -491 213 -382 166 -404 175 -382 166 -367 159 -393 170 -367 159
No of
connections
Use cases #1 and #3
DR 2030 7h
Electrically heated communities/winter/weekend
Nominal capacity (kWh) for 7 or 14 hours
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
ZnBr Zn-air
No of
connections
Use case #5
DR 2030/EV contribution 7h
Pb-acid NiCd NiMH Li-ion NaS NaNiCl V-Redox ZnBr Zn-air
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Table 40: Battery footprint for electrically heated properties in the various scales in the five use cases (left: m
inim
um
 spatial 
requirem
ent values from
 Table 5-8, right: m
axim
um
 spatial requirem
ent values from
 Table 5-8) 
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0.75
1.76
0.08
0.19
0.22
0.51
0.03
0.06
N/A
N/A
N/A
0.21
N/A
0.29
N/A
N/A
N/A
N/A
1
2.89
6.81
0.34
0.81
0.22
0.51
0.07
0.16
N/A
N/A
N/A
0.27
N/A
0.50
N/A
N/A
N/A
N/A
2
1.50
3.53
0.16
0.38
0.43
1.02
0.05
0.12
N/A
N/A
0.18
0.42
0.24
0.57
N/A
N/A
N/A
N/A
2
5.78
13.62
0.69
1.61
0.43
1.02
0.14
0.32
N/A
N/A
0.23
0.55
0.42
1.00
N/A
N/A
N/A
N/A
3
2.25
5.29
0.24
0.57
0.65
1.53
0.08
0.19
N/A
N/A
0.27
0.63
0.36
0.86
N/A
N/A
N/A
N/A
3
8.67
20.43
1.03
2.42
0.65
1.53
0.21
0.48
N/A
N/A
0.35
0.82
0.64
1.50
N/A
N/A
N/A
N/A
4
3.00
7.06
0.32
0.76
0.87
2.04
0.11
0.25
N/A
N/A
0.36
0.84
0.48
1.14
N/A
0.71
N/A
N/A
4
11.57
27.24
1.37
3.23
0.87
2.04
0.27
0.64
N/A
N/A
0.46
1.09
0.85
2.00
N/A
1.27
N/A
N/A
5
3.75
8.82
0.41
0.96
1.08
2.55
0.13
0.31
N/A
N/A
0.45
1.05
0.61
1.43
N/A
0.89
N/A
N/A
5
14.46
34.04
1.71
4.04
1.08
2.55
0.34
0.81
N/A
N/A
0.58
1.36
1.06
2.50
N/A
1.59
N/A
N/A
10
7.49
17.64
0.81
1.91
2.17
5.10
0.26
0.62
N/A
N/A
0.89
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0.76
1.78
N/A
0.71
10
28.91
68.09
3.43
8.07
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0.68
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N/A
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N/A
0.71
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18.73
44.10
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4.78
5.41
12.75
0.66
1.55
N/A
N/A
2.24
5.27
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7.14
1.89
4.46
0.76
1.78
25
72.28
170.22
8.57
20.18
5.41
12.75
1.71
4.03
N/A
N/A
2.89
6.82
5.30
12.49
3.38
7.97
0.76
1.78
50
37.46
88.20
4.06
9.56
10.83
N/A
1.32
3.10
N/A
2.62
4.47
10.53
6.06
14.28
3.79
8.92
1.52
3.57
50
144.57
340.44
17.14
40.36
10.83
N/A
3.42
8.05
N/A
2.62
5.79
13.63
10.61
24.98
6.77
15.93
1.52
3.57
75
56.19
132.31
6.09
N/A
N/A
N/A
1.97
4.65
1.67
3.94
6.71
15.80
9.09
21.41
5.68
13.38
2.27
5.35
75
216.85
510.66
25.71
N/A
N/A
N/A
5.13
12.08
1.67
3.94
8.68
20.45
15.91
37.47
10.15
23.90
2.27
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0.36
0.52
N/A
N/A
N/A
N/A
1
8.49
12.41
1.01
1.47
0.64
0.93
0.20
0.29
N/A
N/A
0.34
0.50
0.62
0.91
N/A
N/A
N/A
N/A
2
4.40
6.43
0.48
0.70
1.27
1.86
0.15
0.23
N/A
N/A
0.53
0.77
0.71
1.04
N/A
N/A
N/A
N/A
2
16.98
24.81
2.01
2.94
1.27
1.86
0.40
0.59
N/A
N/A
0.68
0.99
1.25
1.82
N/A
N/A
N/A
N/A
3
6.60
9.64
0.72
1.05
1.91
2.79
0.23
0.34
N/A
N/A
0.79
1.15
1.07
1.56
N/A
0.98
N/A
N/A
3
25.46
37.22
3.02
4.41
1.91
2.79
0.60
0.88
N/A
N/A
1.02
1.49
1.87
2.73
N/A
1.74
N/A
N/A
4
8.80
12.86
0.95
1.39
2.54
3.72
0.31
0.45
N/A
N/A
1.05
1.54
1.42
2.08
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1.30
N/A
0.52
4
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49.62
4.03
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3.72
0.80
1.17
N/A
N/A
1.36
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3.64
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2.32
N/A
0.52
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16.07
1.19
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0.39
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N/A
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1.31
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0.44
0.65
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4.64
1.00
1.47
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1.70
2.48
3.11
4.55
1.99
2.90
0.44
0.65
10
21.99
32.14
2.38
3.48
6.36
9.29
0.77
1.13
N/A
N/A
2.63
3.84
3.56
5.20
2.22
3.25
0.89
1.30
10
84.88
124.05
10.06
14.71
6.36
9.29
2.01
2.94
N/A
N/A
3.40
4.97
6.23
9.10
3.97
5.81
0.89
1.30
25
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5.96
8.71
15.89
N/A
1.93
2.82
1.64
2.39
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9.60
8.90
13.00
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8.13
2.22
3.25
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212.19
310.13
25.16
36.77
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N/A
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1.64
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12.42
15.57
22.76
9.93
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11.92
N/A
N/A
N/A
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6.50
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16.68
24.38
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N/A
N/R
N/A
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N/R
1.26
N/R
0.14
N/R
0.36
N/R
0.04
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
4.85
N/R
0.58
N/R
0.36
N/R
0.11
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
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N/R
1.57
N/R
0.17
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0.45
N/R
0.06
N/R
N/A
N/R
0.19
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0.25
N/R
N/A
N/R
N/A
5
N/R
6.06
N/R
0.72
N/R
0.45
N/R
0.14
N/R
N/A
N/R
0.24
N/R
0.44
N/R
N/A
N/R
N/A
10
N/R
3.14
N/R
0.34
N/R
0.91
N/R
0.11
N/R
N/A
N/R
0.38
N/R
0.51
N/R
N/A
N/R
N/A
10
N/R
12.13
N/R
1.44
N/R
0.91
N/R
0.29
N/R
N/A
N/R
0.49
N/R
0.89
N/R
N/A
N/R
N/A
25
N/R
7.85
N/R
0.85
N/R
2.27
N/R
0.28
N/R
N/A
N/R
0.94
N/R
1.27
N/R
0.79
N/R
N/A
25
N/R
30.31
N/R
3.59
N/R
2.27
N/R
0.72
N/R
N/A
N/R
1.21
N/R
2.22
N/R
1.42
N/R
N/A
50
N/R
15.71
N/R
1.70
N/R
4.54
N/R
0.55
N/R
N/A
N/R
1.88
N/R
2.54
N/R
1.59
N/R
0.64
50
N/R
60.63
N/R
7.19
N/R
4.54
N/R
1.43
N/R
N/A
N/R
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N/R
4.45
N/R
2.84
N/R
0.64
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23.56
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2.55
N/R
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N/R
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N/R
N/A
N/R
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N/R
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N/R
2.38
N/R
0.95
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N/R
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N/R
6.81
N/R
2.15
N/R
N/A
N/R
3.64
N/R
6.67
N/R
4.26
N/R
0.95
N/R
     Storage not required
Zn-air
Use case #5
DR 2030/EV contribution 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Use case #5
DR 2030/EV contribution 7h
Pb-acid
No of
connections
No of
connections
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Electrically heated com
m
unities/winter/weekend - Footprint (m
2) for 7 or 14 hours
m
in footprint assum
ed
Electrically heated com
m
unities/winter/weekend - Footprint (m
2) for 7 or 14 hours
m
ax footprint assum
ed
No of
connections
Use cases #1 and #3
DR 2030 7h
No of
connections
Use cases #1 and #3
DR 2030 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
N/A
     Not applicable
N/R
     Not required
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Table 41: Battery volum
e for electrically heated properties in the various scales in the five use cases in winter 2030 (left: m
inim
um
 
energy density values from
 Table 5-8 – high volum
e range, right: m
axim
um
 energy density values from
 Table 5-8 – low volum
e 
range) 
 
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
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in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
0.33
0.77
0.05
0.11
0.02
0.05
0.05
0.12
N/A
N/A
N/A
0.08
N/A
0.59
N/A
N/A
N/A
N/A
1
0.16
0.39
0.05
0.11
0.02
0.05
0.01
0.02
N/A
N/A
N/A
0.06
N/A
0.34
N/A
N/A
N/A
N/A
2
0.66
1.55
0.09
0.21
0.04
0.09
0.10
0.24
N/A
N/A
0.07
0.17
0.51
1.19
N/A
N/A
N/A
N/A
2
0.33
0.77
0.09
0.21
0.04
0.09
0.02
0.04
N/A
N/A
0.05
0.12
0.29
0.68
N/A
N/A
N/A
N/A
3
0.99
2.32
0.14
0.32
0.06
0.14
0.15
0.36
N/A
N/A
0.11
0.25
0.76
1.78
N/A
N/A
N/A
N/A
3
0.49
1.16
0.14
0.32
0.06
0.14
0.03
0.06
N/A
N/A
0.08
0.19
0.43
1.02
N/A
N/A
N/A
N/A
4
1.31
3.09
0.18
0.42
0.08
0.18
0.20
0.48
N/A
N/A
0.14
0.33
1.01
2.38
N/A
2.55
N/A
N/A
4
0.66
1.55
0.18
0.42
0.08
0.18
0.03
0.08
N/A
N/A
0.11
0.25
0.58
1.36
N/A
1.46
N/A
N/A
5
1.64
3.87
0.23
0.53
0.10
0.23
0.26
0.60
N/A
N/A
0.18
0.41
1.26
2.97
N/A
3.19
N/A
N/A
5
0.82
1.93
0.23
0.53
0.10
0.23
0.04
0.10
N/A
N/A
0.13
0.31
0.72
1.70
N/A
1.82
N/A
N/A
10
3.29
7.74
0.45
1.06
0.19
0.46
0.51
1.20
N/A
N/A
0.35
0.83
2.53
5.95
2.71
6.37
N/A
0.15
10
1.64
3.87
0.45
1.06
0.19
0.46
0.08
0.20
N/A
N/A
0.26
0.62
1.44
3.40
1.55
3.64
N/A
0.15
25
8.21
19.34
1.13
2.66
0.48
1.14
1.28
3.01
N/A
N/A
0.88
2.07
6.31
14.87
6.77
15.93
0.16
0.37
25
4.11
9.67
1.13
2.66
0.48
1.14
0.21
0.49
N/A
N/A
0.66
1.55
3.61
8.50
3.87
9.10
0.16
0.37
50
16.43
38.69
2.26
5.31
0.97
N/A
2.55
6.02
N/A
1.64
1.75
4.13
12.63
29.74
13.53
31.87
0.32
0.74
50
8.21
19.34
2.26
5.31
0.97
N/A
0.42
0.98
N/A
1.64
1.32
3.10
7.22
16.99
7.73
18.21
0.32
0.74
75
24.64
58.03
3.38
N/A
N/A
N/A
3.83
9.02
1.04
2.46
2.63
6.20
18.94
44.61
20.30
47.80
0.47
1.12
75
12.32
29.01
3.38
N/A
N/A
N/A
0.63
1.48
1.04
2.46
1.97
4.65
10.83
25.49
11.60
27.31
0.47
1.12
m
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m
ax
m
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m
ax
m
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m
ax
m
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m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
0.96
1.41
0.13
0.19
0.06
0.08
0.15
0.22
N/A
N/A
0.10
0.15
0.74
1.08
N/A
N/A
N/A
N/A
1
0.48
0.70
0.13
0.19
0.06
0.08
0.02
0.04
N/A
N/A
0.08
0.11
0.42
0.62
N/A
N/A
N/A
N/A
2
1.93
2.82
0.26
0.39
0.11
0.17
0.30
0.44
N/A
N/A
0.21
0.30
1.48
2.17
N/A
N/A
N/A
N/A
2
0.96
1.41
0.26
0.39
0.11
0.17
0.05
0.07
N/A
N/A
0.15
0.23
0.85
1.24
N/A
N/A
N/A
N/A
3
2.89
4.23
0.40
0.58
0.17
0.25
0.45
0.66
N/A
N/A
0.31
0.45
2.22
3.25
N/A
3.48
N/A
N/A
3
1.45
2.11
0.40
0.58
0.17
0.25
0.07
0.11
N/A
N/A
0.23
0.34
1.27
1.86
N/A
1.99
N/A
N/A
4
3.86
5.64
0.53
0.77
0.23
0.33
0.60
0.88
N/A
N/A
0.41
0.60
2.97
4.33
3.18
4.64
N/A
0.11
4
1.93
2.82
0.53
0.77
0.23
0.33
0.10
0.14
N/A
N/A
0.31
0.45
1.69
2.48
1.82
2.65
N/A
0.11
5
4.82
7.05
0.66
0.97
0.28
0.41
0.75
1.10
N/A
N/A
0.51
0.75
3.71
5.42
3.97
5.81
0.09
0.14
5
2.41
3.52
0.66
0.97
0.28
0.41
0.12
0.18
N/A
N/A
0.39
0.56
2.12
3.10
2.27
3.32
0.09
0.14
10
9.65
14.10
1.32
1.94
0.57
0.83
1.50
2.19
N/A
N/A
1.03
1.51
7.41
10.84
7.94
11.61
0.19
0.27
10
4.82
7.05
1.32
1.94
0.57
0.83
0.25
0.36
N/A
N/A
0.77
1.13
4.24
6.19
4.54
6.63
0.19
0.27
25
24.11
35.24
3.31
4.84
1.42
N/A
3.75
5.48
1.02
1.49
2.57
3.76
18.54
27.09
19.86
29.03
0.46
0.68
25
12.06
17.62
3.31
4.84
1.42
N/A
0.61
0.90
1.02
1.49
1.93
2.82
10.59
15.48
11.35
16.59
0.46
0.68
50
48.23
70.48
6.62
N/A
N/A
N/A
7.50
10.96
2.04
2.99
5.15
7.53
37.07
54.19
39.72
58.06
0.93
1.35
50
24.11
35.24
6.62
N/A
N/A
N/A
1.23
1.79
2.04
2.99
3.86
5.64
21.19
30.96
22.70
33.17
0.93
1.35
75
72.34
105.72
N/A
N/A
N/A
N/A
11.25
16.44
3.07
4.48
7.72
11.29
55.61
81.28
59.58
87.08
1.39
2.03
75
36.17
52.86
N/A
N/A
N/A
N/A
1.84
2.69
3.07
4.48
5.79
8.47
31.78
46.44
34.05
49.76
1.39
2.03
m
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m
ax
m
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m
ax
m
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m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
N/R
0.14
N/R
0.02
N/R
0.01
N/R
0.02
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
1
N/R
0.07
N/R
0.02
N/R
0.01
N/R
0.00
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
0.28
N/R
0.04
N/R
0.02
N/R
0.04
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
0.14
N/R
0.04
N/R
0.02
N/R
0.01
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
0.41
N/R
0.06
N/R
0.02
N/R
0.06
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
0.21
N/R
0.06
N/R
0.02
N/R
0.01
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
0.55
N/R
0.08
N/R
0.03
N/R
0.09
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
0.28
N/R
0.08
N/R
0.03
N/R
0.01
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
5
N/R
0.69
N/R
0.09
N/R
0.04
N/R
0.11
N/R
N/A
N/R
0.07
N/R
0.53
N/R
N/A
N/R
N/A
5
N/R
0.34
N/R
0.09
N/R
0.04
N/R
0.02
N/R
N/A
N/R
0.06
N/R
0.30
N/R
N/A
N/R
N/A
10
N/R
1.38
N/R
0.19
N/R
0.08
N/R
0.21
N/R
N/A
N/R
0.15
N/R
1.06
N/R
N/A
N/R
N/A
10
N/R
0.69
N/R
0.19
N/R
0.08
N/R
0.04
N/R
N/A
N/R
0.11
N/R
0.61
N/R
N/A
N/R
N/A
25
N/R
3.44
N/R
0.47
N/R
0.20
N/R
0.54
N/R
N/A
N/R
0.37
N/R
2.65
N/R
2.84
N/R
N/A
25
N/R
1.72
N/R
0.47
N/R
0.20
N/R
0.09
N/R
N/A
N/R
0.28
N/R
1.51
N/R
1.62
N/R
N/A
50
N/R
6.89
N/R
0.95
N/R
0.41
N/R
1.07
N/R
N/A
N/R
0.74
N/R
5.30
N/R
5.67
N/R
0.13
50
N/R
3.44
N/R
0.95
N/R
0.41
N/R
0.18
N/R
N/A
N/R
0.55
N/R
3.03
N/R
3.24
N/R
0.13
75
N/R
10.33
N/R
1.42
N/R
0.61
N/R
1.61
N/R
N/A
N/R
1.10
N/R
7.94
N/R
8.51
N/R
0.20
75
N/R
5.17
N/R
1.42
N/R
0.61
N/R
0.26
N/R
N/A
N/R
0.83
N/R
4.54
N/R
4.86
N/R
0.20
N/R
     Storage not required
No of
connections
Use case #5
DR 2030/EV contribution 7h
No of
connections
Use case #5
DR 2030/EV contribution 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Electrically heated com
m
unities/winter/weekend
Volum
e (m
3) for 7 or 14 hours - m
in energy density assum
ed
Electrically heated com
m
unities/winter/weekend
Volum
e (m
3) for 7 or 14 hours - m
ax energy density assum
ed
No of
connections
Use cases #1 and #3
DR 2030 7h
No of
connections
Use cases #1 and #3
DR 2030 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
N/A
     Not applicable
N/R
     Not required
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 Table 42: Battery m
ass for electrically heated properties in the various scales in the three use cases in winter 2030 (left: m
inim
um
 
specific energy values from
 Table 5-8 - high m
ass range, right: m
axim
um
 specific energy values from
 Table 5-8 - low m
ass range) 
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m
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m
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m
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ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
487
1146
200
472
113
266
53
124
N/A
N/A
N/A
99
N/A
159
N/A
N/A
N/A
N/A
1
263
619
113
266
56
133
21
50
N/A
N/A
N/A
99
N/A
159
N/A
N/A
N/A
N/A
2
974
2293
401
944
226
531
105
248
N/A
N/A
84
198
135
317
N/A
N/A
N/A
N/A
2
526
1238
226
531
113
266
42
99
N/A
N/A
84
198
135
317
N/A
N/A
N/A
N/A
3
1460
3439
601
1416
338
797
158
372
N/A
N/A
126
297
202
476
N/A
N/A
N/A
N/A
3
789
1857
338
797
169
398
63
149
N/A
N/A
126
297
202
476
N/A
N/A
N/A
N/A
4
1947
4585
802
1888
451
1062
210
496
N/A
N/A
168
397
269
634
N/A
850
N/A
N/A
4
1051
2476
451
1062
226
531
84
198
N/A
N/A
168
397
269
634
N/A
637
N/A
N/A
5
2434
5731
1002
2360
564
1328
263
620
N/A
N/A
210
496
337
793
N/A
1062
N/A
N/A
5
1314
3095
564
1328
282
664
105
248
N/A
N/A
210
496
337
793
N/A
797
N/A
N/A
10
4868
11463
2005
4721
1128
2655
526
1239
N/A
N/A
421
991
674
1586
902
2124
N/A
297
10
2629
6190
1128
2655
564
1328
210
496
N/A
N/A
421
991
674
1586
677
1593
N/A
297
25
12169
28656
5012
11802
2819
6639
1316
3098
N/A
N/A
1052
2478
1684
3965
2255
5311
316
744
25
6571
15474
2819
6639
1410
3319
526
1239
N/A
N/A
1052
2478
1684
3965
1691
3983
316
744
50
24338
57313
10024
23604
5638
N/A
2631
6196
N/A
4374
2105
4957
3368
7931
4511
10622
631
1487
50
13143
30949
5638
13277
2819
N/A
1052
2478
N/A
2734
2105
4957
3368
7931
3383
7966
631
1487
75
36508
85969
15035
N/A
N/A
N/A
3947
9294
2786
6560
3157
7435
5052
11896
6766
15933
947
2231
75
19714
46423
8457
N/A
N/A
N/A
1579
3718
1741
4100
3157
7435
5052
11896
5074
11949
947
2231
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m
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m
ax
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m
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m
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m
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m
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m
in
m
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m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
1429
2088
588
860
331
484
154
226
N/A
N/A
124
181
198
289
N/A
N/A
N/A
N/A
1
772
1128
331
484
166
242
62
90
N/A
N/A
124
181
198
289
N/A
N/A
N/A
N/A
2
2858
4177
1177
1720
662
968
309
452
N/A
N/A
247
361
395
578
N/A
N/A
N/A
N/A
2
1543
2255
662
968
331
484
124
181
N/A
N/A
247
361
395
578
N/A
N/A
N/A
N/A
3
4287
6265
1765
2580
993
1451
463
677
N/A
N/A
371
542
593
867
N/A
1161
N/A
N/A
3
2315
3383
993
1451
497
726
185
271
N/A
N/A
371
542
593
867
N/A
871
N/A
N/A
4
5716
8354
2354
3440
1324
1935
618
903
N/A
N/A
494
722
791
1156
1059
1548
N/A
217
4
3086
4511
1324
1935
662
968
247
361
N/A
N/A
494
722
791
1156
794
1161
N/A
217
5
7144
10442
2942
4300
1655
2419
772
1129
N/A
N/A
618
903
989
1445
1324
1935
185
271
5
3858
5639
1655
2419
828
1209
309
452
N/A
N/A
618
903
989
1445
993
1451
185
271
10
14289
20884
5885
8601
3310
4838
1545
2258
N/A
N/A
1236
1806
1977
2890
2648
3870
371
542
10
7716
11277
3310
4838
1655
2419
618
903
N/A
N/A
1236
1806
1977
2890
1986
2903
371
542
25
35722
52210
14712
21502
8275
N/A
3862
5644
2726
3984
3090
4515
4943
7225
6620
9676
927
1355
25
19290
28193
8275
12095
4138
N/A
1545
2258
1704
2490
3090
4515
4943
7225
4965
7257
927
1355
50
71445
104419
29424
N/A
N/A
N/A
7724
11289
5452
7968
6179
9031
9886
14449
13241
19352
1854
2709
50
38580
56386
16551
N/A
N/A
N/A
3090
4515
3408
4980
6179
9031
9886
14449
9931
14514
1854
2709
75
107167
156629
N/A
N/A
N/A
N/A
11586
16933
8178
11953
9269
13546
14830
21674
19861
29028
2781
4064
75
57870
84580
N/A
N/A
N/A
N/A
4634
6773
5111
7470
9269
13546
14830
21674
14896
21771
2781
4064
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
N/R
204
N/R
84
N/R
47
N/R
22
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
1
N/R
110
N/R
47
N/R
24
N/R
9
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
408
N/R
168
N/R
95
N/R
44
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
220
N/R
95
N/R
47
N/R
18
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
612
N/R
252
N/R
142
N/R
66
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
331
N/R
142
N/R
71
N/R
26
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
817
N/R
336
N/R
189
N/R
88
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
441
N/R
189
N/R
95
N/R
35
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
5
N/R
1021
N/R
420
N/R
236
N/R
110
N/R
N/A
N/R
88
N/R
141
N/R
N/A
N/R
N/A
5
N/R
551
N/R
236
N/R
118
N/R
44
N/R
N/A
N/R
88
N/R
141
N/R
N/A
N/R
N/A
10
N/R
2041
N/R
841
N/R
473
N/R
221
N/R
N/A
N/R
177
N/R
282
N/R
N/A
N/R
N/A
10
N/R
1102
N/R
473
N/R
236
N/R
88
N/R
N/A
N/R
177
N/R
282
N/R
N/A
N/R
N/A
25
N/R
5103
N/R
2102
N/R
1182
N/R
552
N/R
N/A
N/R
441
N/R
706
N/R
946
N/R
N/A
25
N/R
2756
N/R
1182
N/R
591
N/R
221
N/R
N/A
N/R
441
N/R
706
N/R
709
N/R
N/A
50
N/R
10206
N/R
4203
N/R
2364
N/R
1103
N/R
N/A
N/R
883
N/R
1412
N/R
1892
N/R
265
50
N/R
5511
N/R
2364
N/R
1182
N/R
441
N/R
N/A
N/R
883
N/R
1412
N/R
1419
N/R
265
75
N/R
15310
N/R
6305
N/R
3547
N/R
1655
N/R
N/A
N/R
1324
N/R
2119
N/R
2837
N/R
397
75
N/R
8267
N/R
3547
N/R
1773
N/R
662
N/R
N/A
N/R
1324
N/R
2119
N/R
2128
N/R
397
N/R
     Storage not required
Electrically heated com
m
unities/winter/weekend
M
ass (kg) for 7 or 14 hours - m
in specific energy assum
ed
Electrically heated com
m
unities/winter/weekend
M
ass (kg) for 7 or 14 hours - m
ax specific energy assum
ed
No of
connections
Use cases #1 and #3
DR 2030 7h
No of
connections
Use cases #1 and #3
DR 2030 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Use case #5
DR 2030/EV contribution 7h
No of
connections
Use case #5
DR 2030/EV contribution 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
N/A
     Not applicable
N/R
     Not required
 
 
383 
Table 43: Battery investm
ent cost for electrically heated properties in the various scales in the three use cases in winter 2030 (left: 
m
inim
um
 investm
ent cost values from
 Table 5-8 – high cost range, right: m
axim
um
 investm
ent cost values from
 Table 5-8 - low cost 
range)  
 
 
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
657
1547
1804
4249
1624
3824
1052
2478
N/A
N/A
N/A
867
N/A
1190
N/A
N/A
N/A
N/A
1
3943
9285
9021
21243
8119
19119
9472
22306
N/A
N/A
N/A
1859
N/A
11896
N/A
N/A
N/A
N/A
2
1314
3095
3608
8497
3248
7648
2105
4957
N/A
N/A
737
1735
1010
2379
N/A
N/A
N/A
N/A
2
7886
18569
18042
42487
16238
38238
18944
44611
N/A
N/A
1579
3718
10104
23793
N/A
N/A
N/A
N/A
3
1971
4642
5413
12746
4871
11471
3157
7435
N/A
N/A
1105
2602
1516
3569
N/A
N/A
N/A
N/A
3
11828
27854
27063
63730
24357
57357
28417
66917
N/A
N/A
2368
5576
15156
35689
N/A
N/A
N/A
N/A
4
2629
6190
7217
16995
6495
15295
4210
9914
N/A
N/A
1473
3470
2021
4759
N/A
5098
N/A
N/A
4
15771
37139
36085
84974
32476
76476
37889
89222
N/A
N/A
3157
7435
20207
47585
N/A
35689
N/A
N/A
5
3286
7737
9021
21243
8119
19119
5262
12392
N/A
N/A
1842
4337
2526
5948
N/A
6373
N/A
N/A
5
19714
46423
45106
106217
40595
95595
47361
111528
N/A
N/A
3947
9294
25259
59481
N/A
44611
N/A
N/A
10
6571
15474
18042
42487
16238
38238
10525
24784
N/A
N/A
3684
8674
5052
11896
5413
12746
N/A
14989
10
39428
92847
90212
212434
81190
191190
94722
223056
N/A
N/A
7894
18588
50519
118963
37889
89222
N/A
14989
25
16428
38686
45106
106217
40595
95595
26312
61960
N/A
N/A
9209
21686
12630
29741
13532
31865
15913
37473
25
98570
232117
225529
531085
202976
477976
236806
557639
N/A
N/A
19734
46470
126296
297407
94722
223056
15913
37473
50
32857
77372
90212
212434
81190
N/A
52623
123920
N/A
131209
18418
43372
25259
59481
27063
63730
31827
74947
50
197141
464234
451058
1062169
405952
N/A
473611
1115278
N/A
590441
39468
92940
252593
594815
189444
446111
31827
74947
75
49285
116059
135317
N/A
N/A
N/A
78935
185880
83578
196814
27627
65058
37889
89222
40595
95595
47740
112420
75
295711
696352
676587
N/A
N/A
N/A
710417
1672917
376103
885662
59201
139410
378889
892222
284167
669167
47740
112420
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
1929
2819
5296
7741
4767
6967
3090
4515
N/A
N/A
1081
1580
1483
2167
N/A
N/A
N/A
N/A
1
11574
16916
26481
38704
23833
34833
27806
40639
N/A
N/A
2317
3387
14830
21674
N/A
N/A
N/A
N/A
2
3858
5639
10593
15481
9533
13933
6179
9031
N/A
N/A
2163
3161
2966
4335
N/A
N/A
N/A
N/A
2
23148
33832
52963
77407
47667
69667
55611
81278
N/A
N/A
4634
6773
29659
43348
N/A
N/A
N/A
N/A
3
5787
8458
15889
23222
14300
20900
9269
13546
N/A
N/A
3244
4741
4449
6502
N/A
6967
N/A
N/A
3
34722
50748
79444
116111
71500
104500
83417
121917
N/A
N/A
6951
10160
44489
65022
N/A
48767
N/A
N/A
4
7716
11277
21185
30963
19067
27867
12358
18062
N/A
N/A
4325
6322
5932
8670
6356
9289
N/A
10924
4
46296
67664
105926
154815
95333
139333
111222
162556
N/A
N/A
9269
13546
59319
86696
44489
65022
N/A
10924
5
9645
14097
26481
38704
23833
34833
15448
22577
N/A
N/A
5407
7902
7415
10837
7944
11611
9343
13655
5
57870
84580
132407
193519
119167
174167
139028
203194
N/A
N/A
11586
16933
74148
108370
55611
81278
9343
13655
10
19290
28193
52963
77407
47667
69667
30895
45154
N/A
N/A
10813
15804
14830
21674
15889
23222
18685
27309
10
115741
169159
264815
387037
238333
348333
278056
406389
N/A
N/A
23171
33866
148296
216741
111222
162556
18685
27309
25
48225
70483
132407
193519
119167
N/A
77238
112886
81781
119526
27033
39510
37074
54185
39722
58056
46713
68273
25
289352
422898
662037
967593
595833
N/A
695139
1015972
368015
537868
57928
84664
370741
541852
278056
406389
46713
68273
50
96451
140966
264815
N/A
N/A
N/A
154475
225772
163562
239052
54066
79020
74148
108370
79444
116111
93427
136547
50
578703
845797
1324074
N/A
N/A
N/A
1390278
2031944
736029
1075735
115856
169329
741481
1083704
556111
812778
93427
136547
75
144676
211449
N/A
N/A
N/A
N/A
231713
338657
245343
358578
81100
118530
111222
162556
119167
174167
140140
204820
75
868055
1268695
N/A
N/A
N/A
N/A
2085417
3047917
1104044
1613603
173785
253993
1112222
1625556
834167
1219167
140140
204820
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
m
in
m
ax
1
N/R
276
N/R
757
N/R
681
N/R
441
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
1
N/R
1653
N/R
3783
N/R
3405
N/R
3972
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
551
N/R
1513
N/R
1362
N/R
883
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
2
N/R
3307
N/R
7566
N/R
6810
N/R
7944
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
827
N/R
2270
N/R
2043
N/R
1324
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
3
N/R
4960
N/R
11349
N/R
10214
N/R
11917
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
1102
N/R
3026
N/R
2724
N/R
1765
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
4
N/R
6614
N/R
15132
N/R
13619
N/R
15889
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
N/R
N/A
5
N/R
1378
N/R
3783
N/R
3405
N/R
2207
N/R
N/A
N/R
772
N/R
1059
N/R
N/A
N/R
N/A
5
N/R
8267
N/R
18915
N/R
17024
N/R
19861
N/R
N/A
N/R
1655
N/R
10593
N/R
N/A
N/R
N/A
10
N/R
2756
N/R
7566
N/R
6810
N/R
4414
N/R
N/A
N/R
1545
N/R
2119
N/R
N/A
N/R
N/A
10
N/R
16534
N/R
37831
N/R
34048
N/R
39722
N/R
N/A
N/R
3310
N/R
21185
N/R
N/A
N/R
N/A
25
N/R
6889
N/R
18915
N/R
17024
N/R
11034
N/R
N/A
N/R
3862
N/R
5296
N/R
5675
N/R
N/A
25
N/R
41336
N/R
94577
N/R
85119
N/R
99306
N/R
N/A
N/R
8275
N/R
52963
N/R
39722
N/R
N/A
50
N/R
13779
N/R
37831
N/R
34048
N/R
22068
N/R
N/A
N/R
7724
N/R
10593
N/R
11349
N/R
13347
50
N/R
82672
N/R
189153
N/R
170238
N/R
198611
N/R
N/A
N/R
16551
N/R
105926
N/R
79444
N/R
13347
75
N/R
20668
N/R
56746
N/R
51071
N/R
33102
N/R
N/A
N/R
11586
N/R
15889
N/R
17024
N/R
20020
75
N/R
124008
N/R
283730
N/R
255357
N/R
297917
N/R
N/A
N/R
24826
N/R
158889
N/R
119167
N/R
20020
N/R
     Storage not required
Zn-air
V-Redox
ZnBr
Zn-air
No of
connections
Use case #5
DR 2030/EV contribution 7h
No of
connections
Use case #5
DR 2030/EV contribution 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
No of
connections
Use cases #2 and #4
Te 2030 7h or 14h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
Electrically heated com
m
unities/winter/weekend
Investm
ent cost (€) for 7 or 14 hours - m
in cost per kW
h assum
ed
Electrically heated com
m
unities/winter/weekend
Investm
ent cost (€) for 7 or 14 hours - m
ax cost per kW
h assum
ed
No of
connections
Use cases #1 and #3
DR 2030 7h
No of
connections
Use cases #1 and #3
DR 2030 7h
Pb-acid
NiCd
NiM
H
Li-ion
NaS
NaNiCl
V-Redox
ZnBr
Zn-air
Pb-acid
NiCd
NiM
H
Li-ion
N/A
     Not applicable
N/R
     Not required
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Appendix D: Battery technology ranking 
For Chapter 5 and Chapter 6 
 
Chapter 5 
5.2.1 Estimation of footprint 
Table 44 shows the ranking under the assumption that the minimum spatial 
requirement from the range presented in Table 5-8 is used, while Table 45 
presents the ranking under the assumption that the maximum spatial 
requirement from the range in Table 5-8 is used. The same is true for the rest 
of the tables. Please note that Italic font denotes that the technology is not 
entirely applicable. Its applicability is restricted to either low or high 
consumption households. 
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Table 44: Ranking of technologies according to footprint and their applicability for four autonom
y days in 2030 - m
inim
um
 spatial 
requirem
ent assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. Pb-acid
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. Pb-acid
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. Pb-acid
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. V-Redox
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. Pb-acid
8. NiM
H
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. V-Redox
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. V-Redox
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. Pb-acid
5. Pb-acid
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
5. Pb-acid
6. V-Redox
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. V-Redox
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. NiM
H
8. NiM
H
8. NiM
H
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Li-ion
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. Pb-acid
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Pb-acid
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. V-Redox
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. V-Redox
5. Pb-acid
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. Pb-acid
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. Pb-acid
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
8. NiM
H
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
Te 2030 - No of connections
Tecnology ranking
4 days of autonom
y - m
inim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Tecnology ranking
4 days of autonom
y - m
inim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
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Table 45: Ranking of technologies according to footprint and their applicability for four autonom
y days in 2030 – m
axim
um
 spatial 
requirem
ent assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first) 
 
1
2
3
4
5
10
25
50
75
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. Pb-acid
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. V-Redox
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
5. Pb-acid
6. V-Redox
6. NiM
H
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. V-Redox
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
1. NaS
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Pb-acid
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. Pb-acid
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. Pb-acid
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
Te 2030 - No of connections
Tecnology ranking
4 days of autonom
y - m
axim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
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Table 46: Ranking of technologies according to footprint and their applicability for one autonom
y day in 2030 – m
inim
um
 spatial 
requirem
ent assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first) 
  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. NiM
H
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. NiCd
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. ZnBr
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. NiM
H
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. V-Redox
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiM
H
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. V-Redox
6. V-Redox
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
1 day of autonom
y - m
inim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology rankingTecnology ranking
1 day of autonom
y - m
axim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
Te 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
Te 2030 - No of connections
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Table 47: Ranking of technologies according to footprint and their applicability for one autonom
y day in 2030 – m
axim
um
 spatial 
requirem
ent assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first) 
  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. NiM
H
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. NiCd
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. ZnBr
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. NiM
H
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. V-Redox
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. NaNiCl
6. V-Redox
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
1. NaS
2. NiCd
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. NaNiCl
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
3. Zn-air
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. V-Redox
4. ZnBr
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiM
H
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiM
H
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. V-Redox
6. V-Redox
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
1 day of autonom
y - m
inim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology rankingTecnology ranking
1 day of autonom
y - m
axim
um
 spatial requirem
ent assum
ed
BAU 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
Te 2030 - No of connections
Tecnology ranking
EE 2030 - No of connections
Tecnology ranking
Te 2030 - No of connections
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Table 48: Ranking of technologies according to volum
e and their applicability for four autonom
y days in 2030 - m
inim
um
 energy 
density assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest volum
e and rank first) 
  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. Li-ion
4. Li-ion
4. V-Redox
5. Pb-acid
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
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7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. NiCd
4. Li-ion
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
5. V-Redox
5. Li-ion
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. Li-ion
5. ZnBr
5. V-Redox
5. ZnBr
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. NiCd
5. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. ZnBr
6. V-Redox
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. NiCd
6. ZnBr
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. Li-ion
4. Li-ion
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. V-Redox
5. Li-ion
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. ZnBr
5. ZnBr
5. V-Redox
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. V-Redox
6. V-Redox
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
6. V-Redox
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 energy density assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 energy density assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 energy density assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 energy density assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 50: Ranking of technologies according to volum
e and their applicability for one autonom
y day in 2030 – m
inim
um
 energy 
density assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest volum
e and rank first) 
  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. Li-ion
4. Li-ion
4. V-Redox
5. Pb-acid
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
5. Pb-acid
5. NiCd
5. NiCd
5. Li-ion
5. Li-ion
5. Li-ion
5. ZnBr
5. ZnBr
5. Pb-acid
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. ZnBr
5. ZnBr
5. Pb-acid
6. Li-ion
6. Li-ion
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
6. NiCd
6. NiCd
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
7. ZnBr
7. ZnBr
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
7. ZnBr
7. ZnBr
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiCd
4. Li-ion
4. Li-ion
4. V-Redox
4. V-Redox
4. NiM
H
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. V-Redox
5. Li-ion
5. NiCd
5. NiCd
5. NiCd
5. Li-ion
5. ZnBr
5. ZnBr
5. Pb-acid
5. Pb-acid
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
5. Pb-acid
5. Pb-acid
6. ZnBr
6. Li-ion
6. Li-ion
6. Li-ion
6. ZnBr
6. V-Redox
6. V-Redox
6. NiCd
6. NiCd
6. NiCd
6. NiCd
6. ZnBr
6. V-Redox
6. V-Redox
7. V-Redox
7. ZnBr
7. ZnBr
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
7. ZnBr
7. ZnBr
7. ZnBr
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. V-Redox
8. V-Redox
8. V-Redox
8. Pb-acid
8. V-Redox
8. V-Redox
8. V-Redox
8. V-Redox
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. NaS
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Pb-acid
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. Pb-acid
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. Li-ion
4. Li-ion
4. V-Redox
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
5. NiCd
5. NiCd
5. Li-ion
5. Li-ion
5. Li-ion
5. ZnBr
5. V-Redox
5. Pb-acid
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. ZnBr
5. V-Redox
5. Pb-acid
6. Li-ion
6. Li-ion
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. Pb-acid
6. NiCd
6. NiCd
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. Pb-acid
7. ZnBr
7. ZnBr
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
7. ZnBr
7. ZnBr
7. V-Redox
7. V-Redox
7. V-Redox
7. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. NiCd
4. Li-ion
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. V-Redox
5. Li-ion
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. Li-ion
5. ZnBr
5. V-Redox
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. NiCd
5. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. ZnBr
6. V-Redox
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
6. ZnBr
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. NiCd
4. Li-ion
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
5. V-Redox
5. Li-ion
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. Li-ion
5. ZnBr
5. V-Redox
5. ZnBr
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NaNiCl
5. NiCd
5. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. ZnBr
6. V-Redox
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. NiCd
6. ZnBr
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. V-Redox
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
2. NaS
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. Li-ion
4. Li-ion
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. V-Redox
5. Li-ion
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. ZnBr
5. ZnBr
5. V-Redox
5. NiCd
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. V-Redox
6. V-Redox
6. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
6. V-Redox
6. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 energy density assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 energy density assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 energy density assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 energy density assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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e and their applicability for one autonom
y day in 2030 – m
axim
um
 energy 
density assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest volum
e and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. Li-ion
4. Li-ion
4. V-Redox
5. Pb-acid
4. NiM
H
4. NiM
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Table 52: Ranking of technologies according to m
ass and their applicability for four autonom
y days in 2030 – m
inim
um
 specific 
energy assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest m
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6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. ZnBr
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. ZnBr
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. NiM
H
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 53: Ranking of technologies according to m
ass and their applicability for four autonom
y days in 2030 – m
axim
um
 specific 
energy assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest m
ass and rank first)  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. Pb-acid
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. Pb-acid
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Pb-acid
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. V-Redox
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
4. V-Redox
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Pb-acid
5. Pb-acid
5. ZnBr
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. Pb-acid
5. Pb-acid
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. V-Redox
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. NaS
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Pb-acid
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. Pb-acid
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Pb-acid
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. Pb-acid
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. Pb-acid
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
7. V-Redox
7. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. NiM
H
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. ZnBr
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. ZnBr
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. NiM
H
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 54: Ranking of technologies according to m
ass and their applicability for one autonom
y day in 2030 – m
inim
um
 specific 
energy assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest m
ass and rank first)  
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. NaS
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
3. NaS
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
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6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. ZnBr
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. ZnBr
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
2. NaS
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
3. NaS
4. NiM
H
4. V-Redox
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. V-Redox
4. NiM
H
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NiCd
5. ZnBr
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
6. ZnBr
6. Pb-acid
6. V-Redox
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
6. V-Redox
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
9. Pb-acid
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 specific energy assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 specific energy assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 56: Ranking of technologies according to investm
ent cost and their applicability for four autonom
y days in 2030 – m
inim
um
 
cost per kW
h assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with lowest cost and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Zn-air
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. NaS
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. NaS
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. V-Redox
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. V-Redox
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiM
H
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Pb-acid
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Pb-acid
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. V-Redox
2. Zn-air
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Zn-air
3. Pb-acid
3. NaS
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Pb-acid
3. V-Redox
3. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Pb-acid
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Li-ion
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NaS
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. Li-ion
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
8. Li-ion
9. NiCd
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Pb-acid
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. V-Redox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. NiM
H
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. NiM
H
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. Li-ion
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
9. NiCd
9. Li-ion
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 57: Ranking of technologies according to investm
ent cost and their applicability for four autonom
y days in 2030 – m
axim
um
 
cost per kW
h assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with lowest cost and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Zn-air
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
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y days in 2030 – m
inim
um
 
cost per kW
h assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with lowest cost and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Zn-air
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. NaS
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. NaS
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. V-Redox
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. V-Redox
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiM
H
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Pb-acid
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Pb-acid
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. V-Redox
2. Zn-air
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Zn-air
3. Pb-acid
3. NaS
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Pb-acid
3. V-Redox
3. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Pb-acid
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Li-ion
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NaS
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. Li-ion
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
8. Li-ion
9. NiCd
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Pb-acid
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. V-Redox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. NiM
H
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. NiM
H
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. Li-ion
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
9. NiCd
9. Li-ion
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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Table 59: Ranking of technologies according to investm
ent cost and their applicability for four autonom
y days in 2030 – m
axim
um
 
cost per kW
h assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with lowest cost and rank first) 
 
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Zn-air
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Li-ion
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. NaS
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. NaS
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. V-Redox
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. V-Redox
3. V-Redox
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Li-ion
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NaS
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NaS
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. Li-ion
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiM
H
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. V-Redox
1. Pb-acid
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Pb-acid
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. V-Redox
2. Zn-air
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Pb-acid
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Zn-air
3. Pb-acid
3. NaS
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. Pb-acid
3. V-Redox
3. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Pb-acid
4. Li-ion
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. NaS
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Li-ion
5. NaS
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. NaS
5. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. NaS
6. Li-ion
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NaS
7. NiM
H
7. NiM
H
7. NiCd
7. NiCd
7. NiCd
7. Li-ion
8. NiM
H
8. NiM
H
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
8. Li-ion
9. NiCd
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Pb-acid
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Pb-acid
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. V-Redox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Li-ion
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. NiM
H
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. NiM
H
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiCd
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. Li-ion
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiM
H
7. NiCd
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. NiCd
8. Li-ion
9. NiCd
9. NiCd
9. Li-ion
9. Li-ion
1
2
3
4
5
10
25
50
75
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. V-Redox
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. ZnBr
2. Pb-acid
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
2. Zn-air
3. Pb-acid
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. Li-ion
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. Zn-air
4. NiM
H
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
5. NiM
H
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. Pb-acid
5. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
5. V-Redox
6. NiCd
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. Li-ion
6. NiM
H
6. NiM
H
6. NiM
H
6. NiM
H
6. NaS
6. NaS
6. NaS
6. NaS
7. NiM
H
7. NiM
H
7. NiM
H
7. NiM
H
7. NaS
7. NaS
7. NaS
7. NaS
7. NiCd
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Li-ion
7. Li-ion
8. NiCd
8. NiCd
8. NiCd
8. NiCd
8. NiM
H
8. NiCd
8. Li-ion
8. Li-ion
8. Li-ion
8. Li-ion
8. NiCd
8. Li-ion
9. NiCd
9. Li-ion
Tecnology ranking
Tecnology ranking
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
Te 2030 - No of connections
Te 2030 - No of connections
Tecnology ranking
Tecnology ranking
1 day of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
1 day of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
inim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
4 days of autonom
y - m
axim
um
 cost per kW
h assum
ed
BAU 2030 - No of connections
Tecnology ranking
Tecnology ranking
EE 2030 - No of connections
EE 2030 - No of connections
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(Appendix D continued) 
Chapter 6 
Table 60: Ranking of technologies according to nom
inal capacity and their applicability in the five use cases in 2030 (m
ost 
favourable technologies = technologies with least nom
inal capacity and rank first) 
 
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. V-R
edox
2. V-R
edox
2. V-R
edox
2. ZnBr
2. ZnBr
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. N
aN
iC
l
3. N
aN
iC
l
3. N
aN
iC
l
3. V-R
edox
3. V-R
edox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. N
iM
H
4. N
iM
H
4. N
iM
H
4. N
aN
iC
l
4. N
aN
iC
l
4. V-R
edox
4. V-R
edox
4. V-R
edox
4. V-R
edox
5. N
iC
d
5. N
iC
d
5. N
iC
d
5. N
iM
H
5. N
iM
H
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. N
iC
d
6. N
iC
d
6. N
iM
H
6. N
iM
H
6. N
aS
6. N
aS
7. Pb-acid
7. Pb-acid
7. N
iC
d
7. N
iC
d
7. N
iM
H
7. N
iC
d
8. Pb-acid
8. Pb-acid
8. N
iC
d
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. V-R
edox
2. V-R
edox
2. ZnBr
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. N
aN
iC
l
3. N
aN
iC
l
3. V-R
edox
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
3. ZnBr
4. N
iM
H
4. N
iM
H
4. N
aN
iC
l
4. V-R
edox
4. V-R
edox
4. V-R
edox
4. V-R
edox
4. V-R
edox
4. V-R
edox
5. N
iC
d
5. N
iC
d
5. N
iM
H
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
5. N
aN
iC
l
6. Pb-acid
6. Pb-acid
6. N
iC
d
6. N
iM
H
6. N
iM
H
6. N
iM
H
6. N
aS
6. N
aS
6. N
aS
7. Pb-acid
7. N
iC
d
7. N
iC
d
7. N
iC
d
7. N
iM
H
7. N
iC
d
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. N
iC
d
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. N
iM
H
2. N
iM
H
2. N
iM
H
2. N
iM
H
2. V-R
edox
2. V-R
edox
2. ZnBr
2. ZnBr
2. ZnBr
3. N
iC
d
3. N
iC
d
3. N
iC
d
3. N
iC
d
3. N
aN
iC
l
3. N
aN
iC
l
3. V-R
edox
3. V-R
edox
3. V-R
edox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. N
iM
H
4. N
iC
d
4. N
aN
iC
l
4. N
aN
iC
l
4. N
aN
iC
l
5. N
iC
d
5. Pb-acid
5. N
iC
d
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
U
se cases #1 and #3 - D
R
 2030 7h
N
o of connections
Tecnology ranking
U
se cases #2 and #4 - Te 2030 7h or 14
N
o of connections
Tecnology ranking
U
se case #5 - D
R
 2030/EV contribution 7h
N
o of connections
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Table 61: Ranking of technologies according to footprint and their applicability in the five use cases – m
inim
um
 spatial requirem
ent 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first) 
   
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. NaS
1. NaS
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
3. NiM
H
3. NiM
H
3. NiM
H
3. ZnBr
3. ZnBr
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
4. V-Redox
4. V-Redox
4. V-Redox
4. NiM
H
4. NiM
H
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. V-Redox
5. V-Redox
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
3. NiM
H
3. NiM
H
3. ZnBr
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. V-Redox
4. NiM
H
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. V-Redox
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiM
H
4. NiCd
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. NiCd
2. ZnBr
2. ZnBr
2. Zn-air
2. Zn-air
2. NaS
2. NaS
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiCd
3. NiCd
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
4. V-Redox
4. V-Redox
4. V-Redox
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
5. NiM
H
5. NiM
H
5. NiM
H
5. V-Redox
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
7. Pb-acid
7. Pb-acid
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
3. NaNiCl
3. NaNiCl
3. NiCd
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
4. V-Redox
4. V-Redox
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
5. NiM
H
5. NiM
H
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NaNiCl
6. Pb-acid
6. Pb-acid
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. V-Redox
7. Pb-acid
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. ZnBr
2. ZnBr
2. ZnBr
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NiCd
3. NaNiCl
3. NaNiCl
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. V-Redox
4. NaNiCl
4. V-Redox
4. V-Redox
5. NiM
H
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 spatial requirem
ent assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 spatial requirem
ent assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
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Table 62: Ranking of technologies according to footprint and their applicability in the five use cases – m
axim
um
 spatial requirem
ent 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest footprint and rank first)  
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. NaS
1. NaS
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
3. NiM
H
3. NiM
H
3. NiM
H
3. ZnBr
3. ZnBr
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
4. V-Redox
4. V-Redox
4. V-Redox
4. NiM
H
4. NiM
H
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. V-Redox
5. V-Redox
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. NaS
1. NaS
1. NaS
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Zn-air
2. Zn-air
2. Zn-air
3. NiM
H
3. NiM
H
3. ZnBr
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. Li-ion
3. Li-ion
3. Li-ion
4. V-Redox
4. V-Redox
4. NiM
H
4. ZnBr
4. ZnBr
4. ZnBr
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. V-Redox
5. NiM
H
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. NiM
H
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. V-Redox
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiM
H
4. NiCd
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. NiCd
2. ZnBr
2. ZnBr
2. Zn-air
2. Zn-air
2. NaS
2. NaS
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiCd
3. NiCd
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
4. V-Redox
4. V-Redox
4. V-Redox
4. NaNiCl
4. NaNiCl
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
5. NiM
H
5. NiM
H
5. NiM
H
5. V-Redox
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiM
H
6. NiM
H
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
7. Pb-acid
7. Pb-acid
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. ZnBr
2. Zn-air
2. Zn-air
2. Zn-air
2. NaS
2. NaS
2. NaS
3. NaNiCl
3. NaNiCl
3. NiCd
3. ZnBr
3. ZnBr
3. ZnBr
3. Zn-air
3. Zn-air
3. Zn-air
4. V-Redox
4. V-Redox
4. NaNiCl
4. NiCd
4. NiCd
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
5. NiM
H
5. NiM
H
5. V-Redox
5. NaNiCl
5. NaNiCl
5. NaNiCl
5. NiCd
5. NiCd
5. NaNiCl
6. Pb-acid
6. Pb-acid
6. NiM
H
6. V-Redox
6. V-Redox
6. V-Redox
6. NaNiCl
6. NaNiCl
6. V-Redox
7. Pb-acid
7. NiM
H
7. NiM
H
7. NiM
H
7. V-Redox
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiM
H
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. ZnBr
2. ZnBr
2. ZnBr
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NiCd
3. NaNiCl
3. NaNiCl
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. V-Redox
4. NaNiCl
4. V-Redox
4. V-Redox
5. NiM
H
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 spatial requirem
ent assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 spatial requirem
ent assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
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Table 63: Ranking of technologies according to volum
e and their applicability in the five use cases – m
inim
um
 energy density 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest volum
e and rank first) 
 
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NiM
H
2. NiM
H
2. NaS
2. NaS
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
4. Li-ion
4. Li-ion
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. Li-ion
5. V-Redox
5. V-Redox
5. ZnBr
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. ZnBr
6. Pb-acid
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NaNiCl
2. NiCd
2. NiCd
2. Li-ion
2. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NiCd
3. Li-ion
3. Li-ion
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Li-ion
4. V-Redox
4. ZnBr
4. V-Redox
4. V-Redox
5. V-Redox
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NaS
3. NaS
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
5. V-Redox
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
4. NaNiCl
5. V-Redox
5. V-Redox
5. ZnBr
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. ZnBr
6. Pb-acid
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
6. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NiCd
3. NiCd
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiCd
4. V-Redox
4. ZnBr
4. V-Redox
4. V-Redox
5. V-Redox
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 energy density assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 energy density assum
ed
No of connections
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Table 64: Ranking of technologies according to volum
e and their applicability in the five use cases – m
axim
um
 energy density 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest volum
e and rank first) 
 
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NiM
H
2. NiM
H
2. NaS
2. NaS
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. Li-ion
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
5. V-Redox
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NaS
2. NaS
2. NaS
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NaNiCl
3. NaNiCl
4. Li-ion
4. Li-ion
4. Li-ion
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NiCd
4. Li-ion
5. V-Redox
5. V-Redox
5. ZnBr
5. Li-ion
5. Li-ion
5. Li-ion
5. NiCd
5. Li-ion
5. ZnBr
6. Pb-acid
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. Li-ion
6. ZnBr
6. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NiM
H
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. NiCd
2. NiCd
2. NiCd
2. NiCd
2. NaNiCl
2. NiCd
2. NiCd
2. Li-ion
2. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. Li-ion
3. NiCd
3. Li-ion
3. Li-ion
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Li-ion
4. V-Redox
4. ZnBr
4. V-Redox
4. V-Redox
5. V-Redox
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NaS
3. NaS
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
5. V-Redox
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. V-Redox
6. V-Redox
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
7. Pb-acid
7. Pb-acid
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NiM
H
3. NiM
H
3. NiM
H
3. NaS
3. NaS
3. NaS
4. NiCd
4. NiCd
4. NiCd
4. NaNiCl
4. NaNiCl
4. NaNiCl
4. NiM
H
4. NaNiCl
4. NaNiCl
5. V-Redox
5. V-Redox
5. ZnBr
5. NiCd
5. NiCd
5. NiCd
5. NaNiCl
5. NiCd
5. ZnBr
6. Pb-acid
6. Pb-acid
6. V-Redox
6. ZnBr
6. ZnBr
6. ZnBr
6. NiCd
6. ZnBr
6. V-Redox
7. Pb-acid
7. V-Redox
7. V-Redox
7. V-Redox
7. ZnBr
7. V-Redox
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. V-Redox
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NaNiCl
3. NiCd
3. NiCd
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiCd
4. V-Redox
4. ZnBr
4. V-Redox
4. V-Redox
5. V-Redox
5. Pb-acid
5. V-Redox
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 energy density assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 energy density assum
ed
No of connections
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Table 65: Ranking of technologies according to m
ass and their applicability in the five use cases – m
inim
um
 specific energy 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest m
ass and rank first) 
 
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
4. NiM
H
4. NiM
H
4. NiM
H
4. ZnBr
4. ZnBr
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
5. NiCd
5. NiCd
5. NiCd
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
4. NiM
H
4. NiM
H
4. ZnBr
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
5. NiCd
5. NiCd
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiM
H
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
4. V-Redox
4. V-Redox
4. V-Redox
4. ZnBr
4. ZnBr
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
4. V-Redox
4. V-Redox
4. ZnBr
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NiM
H
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. NiCd
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 specific energy assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 specific energy assum
ed
No of connections
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Table 66: Ranking of technologies according to m
ass and their applicability in the five use cases – m
axim
um
 specific energy 
assum
ed from
 Table 5-8 (m
ost favourable technologies = technologies with sm
allest m
ass and rank first) 
 
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
4. NiM
H
4. NiM
H
4. NiM
H
4. ZnBr
4. ZnBr
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
5. NiCd
5. NiCd
5. NiCd
5. NiM
H
5. NiM
H
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. Li-ion
2. Li-ion
2. Li-ion
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaS
2. NaS
2. NaS
3. V-Redox
3. V-Redox
3. V-Redox
3. Li-ion
3. Li-ion
3. Li-ion
3. NaNiCl
3. NaNiCl
3. NaNiCl
4. NiM
H
4. NiM
H
4. ZnBr
4. V-Redox
4. V-Redox
4. V-Redox
4. Li-ion
4. Li-ion
4. Li-ion
5. NiCd
5. NiCd
5. NiM
H
5. ZnBr
5. ZnBr
5. ZnBr
5. V-Redox
5. V-Redox
5. V-Redox
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiM
H
6. NiM
H
6. NiM
H
6. ZnBr
6. ZnBr
6. ZnBr
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. NiM
H
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
1. NaNiCl
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
3. V-Redox
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. NiM
H
4. NiCd
4. ZnBr
4. ZnBr
4. ZnBr
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
4. V-Redox
4. V-Redox
4. V-Redox
4. ZnBr
4. ZnBr
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. NiCd
5. V-Redox
5. V-Redox
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
6. Pb-acid
6. Pb-acid
6. Pb-acid
6. NiCd
6. NiCd
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
7. Pb-acid
7. Pb-acid
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
1. Zn-air
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
2. Li-ion
3. NiM
H
3. NiM
H
3. NiM
H
3. NaNiCl
3. NaNiCl
3. NaNiCl
3. NaS
3. NaS
3. NaS
4. V-Redox
4. V-Redox
4. ZnBr
4. NiM
H
4. NiM
H
4. NiM
H
4. NaNiCl
4. NaNiCl
4. NaNiCl
5. NiCd
5. NiCd
5. V-Redox
5. ZnBr
5. ZnBr
5. ZnBr
5. NiM
H
5. ZnBr
5. ZnBr
6. Pb-acid
6. Pb-acid
6. NiCd
6. V-Redox
6. V-Redox
6. V-Redox
6. ZnBr
6. V-Redox
6. V-Redox
7. Pb-acid
7. NiCd
7. NiCd
7. NiCd
7. V-Redox
7. NiCd
7. Pb-acid
8. Pb-acid
8. Pb-acid
8. Pb-acid
8. NiCd
8. Pb-acid
9. Pb-acid
1
2
3
4
5
10
25
50
75
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
1. Li-ion
2. NiM
H
2. NiM
H
2. NiM
H
2. NiM
H
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
2. NaNiCl
3. NiCd
3. NiCd
3. NiCd
3. NiCd
3. NiM
H
3. V-Redox
3. ZnBr
3. ZnBr
3. ZnBr
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. Pb-acid
4. V-Redox
4. NiCd
4. V-Redox
4. V-Redox
4. V-Redox
5. NiCd
5. Pb-acid
5. NiCd
5. Pb-acid
5. Pb-acid
6. Pb-acid
6. Pb-acid
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Tecnology ranking Tecnology ranking
Use cases #1 and #3 - DR 2030 7h - m
axim
um
 specific energy assum
ed
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use cases #2 and #4 - Te 2030 7h or 14
No of connections
Tecnology ranking
Use case #5 - DR 2030/EV contribution 7h
No of connections
Use cases #1 and #3 - DR 2030 7h - m
inim
um
 specific energy assum
ed
No of connections
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APPENDIX E: Consent form for interviews 
 
Aikaterini Chatzivasileiadi – Welsh School of Architecture – Cardiff University
        
 
Title of PhD project: The architectural implications of the move towards electrical 
energy autonomy in buildings 
Supervisors: Dr Eleni Ampatzi, Prof Ian Knight 
 
 
CONSENT FORM – CONFIDENTIAL DATA 
 
I understand that my participation in this project will involve giving a short interview 
about battery installations in households, which will require approximately 20 minutes 
of my time.  
 
I understand that participation in this study is entirely voluntary and that I can 
withdraw from the study at any time without giving a reason.  
 
I understand that I am free to ask any questions at any time. I am free to withdraw or 
discuss my concerns with Dr Eleni Ampatzi. 
 
I understand that the information provided by me will be held confidentially, such that 
only the Principal Investigator can trace this information back to me individually. The 
information will be retained for up to 1 year when it will be deleted/destroyed. 
 
I understand that I can ask for the information I provide to be deleted/destroyed at 
any time and, in accordance with the Data Protection Act, I can have access to the 
information at any time. 
 
I, ___________________________________ [PRINT NAME] consent to participate 
in the study conducted by Aikaterini Chatzivasileiadi, Welsh School of Architecture, 
Cardiff University with the supervision of Dr Eleni Ampatzi. 
 
 
Signed: 
 
 
Date: 
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APPENDIX F: Semi-structured interview questions 
 
Depending on the case study, the interviews will be conducted to: 
• the PI of the project 
• the company who provided the storage system 
• individuals involved in the planning/design/installation process of the system 
• occupants if any 
 
I. General points 
• How were decisions taken and by whom regarding the storage part of the 
project? 
• Did you encounter any issues during the stages involved in the architectural 
process (planning à design à construction à use/maintenance/operation à 
evaluation) 
• Which technologies do you see as potential strong candidates for the future 
built environment? Competitive technologies to li-ion? 
• Bulk vs distributed storage: Single vs a group of households? E.g Is it more 
likely for each home to have its own battery in the future rather than for a 
group of homes to share a bigger battery? 
• How do you think the battery technology will evolve in terms of battery 
integration in buildings? Will they become smaller, flat, a layer of paint, 
integrated with another technology e.g. PV? 
• What are the challenges of installing a centralized battery in a 
neighbourhood? 
• How do you think costs will be shaped in the future? 
• Would you consider using a hybrid storage system instead of just one Li-ion 
system in a bigger arrangement of smart homes? And in what context? E.g. to 
increase the range of services and performance, such as response time etc? 
 
II. Specific information 
• Type of energy supply for space heating/cooling/DHW 
• Electricity consumption 
• Peak power demand (summer/winter/avg day) 
• Electricity generation from PV (avg daily for winter/summer, max, min) 
• Estimation of PV contribution to the annual electricity demand of the house 
• AC/DC network? Differences 
• Potential demand side measures applied 
• Consideration of projections regarding future electricity consumption or peak 
power demand 
• Any load profiles available for the home (winter/summer/weekday/weekend)? 
Compare US/UK profiles. 
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• Is it possible for the house to operate off-grid? 
• Operational issues – as normal grid or constrained hours of use, e.g. 
dishwasher during peak sunshine hours to maximize efficiency? 
Restricted/unrestricted consumption? 
• What is the difference in peak demand and electricity consumption between 
winter/summer? 
• What is the difference in peak demand and electricity consumption between 
weekdays/weekends? 
 
III. Battery storage system: 
• System’s characteristics, such as type, capacity, size, efficiency, critical 
voltage, response time, self-discharge rate, lifetime, recharge time, memory 
effect, initial costs, O&M cost, maintenance requirements, recyclability, noise 
levels 
• Applications it serves 
• How many hours/days the battery could provide back up power – autonomy 
period 
• Initial thoughts about possible locations and final location of battery and 
ventilation requirements 
• Safety standards in the US/UK: Potential hazards from Li-ion? 
• How does the battery adapt to the differences in peak demand and electricity 
consumption in winter/summer and weekdays/weekends? Is there surplus 
electricity that is used for other purposes? 
• How does the battery perform in different weather conditions, e.g. 
winter/summer? Does it need additional ventilation/insulation? 
• Is there a backup generator or grid backup in case the battery cannot meet 
the demand? 
• What would the challenges be in the case of installing a battery in an existing 
building rather than a newly built smart home? 
• Were there any issues regarding the charge/discharge of the battery, e.g. did 
you ever need to cease its operation or end its charge/discharge? 
• Behaviour of occupants – Can the installation of a battery system fit in a 
normal lifestyle? – public perception 
 
 
